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To m y  h u s b a n d
A B S T R A C T
G lio b la s to m a  (G B M ) is  th e  m o s t  c o m m o n  p r im a r y  b r a in  tu m o u r  in  a d u l ts  a n d  a m o n g  
th e  m o s t  a g g re s s iv e  o f a ll tu m o u rs .  F o r  se v e ra l d e c a d e s , th e  s ta n d a r d  c a re  o f  G B M  w a s  
s u rg ic a l re se c tio n  fo llo w e d  b y  r a d io th e r a p y  a lo n e . In  2005, a  la n d m a r k  p h a s e  III c lin ic a l 
tr ia l  c o o rd in a te d  b y  th e  E u ro p e a n  O rg a n iz a tio n  fo r  R e se a rc h  a n d  T re a tm e n t o f  C a n c e r  
(EG R TC ) a n d  th e  N a tio n a l  C a n c e r  I n s t i tu te  o f C a n a d a  (N C IC ) d e m o n s tr a te d  th e  b e n e f it  
o f  r a d io th e r a p y  w i th  c o n c o m ita n t  a n d  a d ju v a n t  te m o z o lo m id e  (TM Z) c h e m o th e ra p y .
W ith  T M Z , th e  m e d ia n  life  e x p e c ta n c y  in  o p tim a lly  m a n a g e d  p a t ie n ts  is  s ti ll  o n ly  
12-14 m o n th s ,  w i th  o n ly  25%  s u r v iv in g  24 m o n th s . T h e re  is  a n  u r g e n t  n e e d  fo r  n e w  
th e ra p ie s  in  p a r t ic u la r  in  th o s e  p a t ie n ts  w h o s e  tu m o u r  h a s  a n  u n m e th y la te d  m e th y l-  
g u a n in e  m e th y ltr a n s fe ra s e  g e n e  (M G M T ) p ro m o te r ,  w h ic h  is  a  p re d ic t iv e  fa c to r  o f 
b e n e f it  f ro m  T M Z .
I n  th is  d is s e r ta t io n , th e  n a tu r e  o f th e  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  is  in ­
v e s tig a te d  u s in g  b o th  a  m a th e m a tic a l  m o d e l,  b a s e d  o n  in  v ivo  p o p u la t io n  s ta tis t ic s  o f  
s u rv iv a l ,  a n d  in  vitro  e x p e r im e n ta tio n  o n  a  p a n e l  o f  h u m a n  G B M  ce ll lin e s . T h e  r e s u lts  
s h o w  th a t  T M Z  h a s  a n  a d d i t iv e  e ffec t in  vitro  a n d  th a t  th e  p o p u la t io n - b a s e d  m o d e l  
m a y  b e  in su ff ic ie n t in  p r e d ic t in g  T M Z  re sp o n se .
T h e  c o m b in a t io n  o f T M Z  w ith  p a r tic le  th e ra p y  is  a lso  in v e s tig a te d . V ery  li t t le  p re -  
c lin ic a l d a ta  ex is ts  o n  th e  e ffec ts  o f c h a rg e d  p a r t ic le s  o n  G B M  ce ll l in e s  a s  w e ll a s  o n  th e  
c o n c o m ita n t a p p l ic a tio n  o f  c h e m o th e ra p y . In  th is  s tu d y , h u m a n  G B M  ce lls  a re  e x p o s e d  
to  3 M eV  p ro to n s  a n d  6 M eV  a lp h a  p a r tic le s  in  c o n c o m ita n c e  w i th  T M Z . T h e  r e s u l ts  
s u g g e s t  th a t  th e  r a d ia t io n  q u a l i ty  d o e s  n o t  a ffec t th e  n a tu r e  o f  th e  in te ra c t io n  b e tw e e n  
T M Z  a n d  ra d ia t io n ,  s h o w in g  re p ro d u c ib le  a d d i t iv e  cy to to x ic ity .
S ince  T M Z  a n d  r a d ia t io n  c a u se  D N A  d a m a g e  in  c a n c e r  ce lls , th e re  h a s  b e e n  in ­
c re a s e d  a t te n t io n  to  th e  u s e  o f p o ly (A D P -rib o se )  p o ly m e ra s e  (PA R P) in h ib i to r s .  P A R P  
is  a  fa m ily  o f  e n z y m e s  th a t  p la y  a  k e y  ro le  in  th e  r e p a ir  o f D N A  b re a k s . In  th is  s t u d y  
a  n o v e l P A R P  in h ib ito r , A BT-888, is  u s e d  in  c o m b in a t io n  w i th  b o th  T M Z  a n d  ra d ia t io n .  
T h e  r e s u lts  s h o w  th a t  A BT-888 s ig n if ic a n tly  e n h a n c e s  T M Z  a n d  r a d ia t io n  ce ll k ill in g , 
re g a rd le s s  o f th e  M G M T  s ta tu s .
In  su m m a ry , th e  f in d in g s  o f th is  re s e a rc h  d e m o n s tr a te  th a t  th e  u s e  o f p a r t ic le  th e r ­
a p y  a n d  P A R P  in h ib i to r s  a re  p a r t ic u la r ly  p r o m is in g  a n d  m ig h t  im p ro v e  th e  t r e a tm e n t  
o u tc o m e  in  p a t ie n ts  w i th  G B M .
Ill
N el m ezzo  del cam m in d i nostra vita , 
m i ritrovai per una  selva oscura, 
che la d iritta  via era sm arrita.
W hen I  had journeyed  h a lf o f  our life's way, 
I  fo u n d  m y se lf w ith in  a shadow ed forest, 
fo r  I  had lost the path tha t does n o t stray.
—  D a n te  A lig h ie r i  
Inferno, Canto I, lines 1-3.
A C K N O W L E D G M E N T S
T h is  p ro je c t w o u ld  h a v e  n e v e r  b e e n  p o s s ib le  w i th o u t  th e  s u p p o r t  o f  th e  P a r tic le  T ra in ­
in g  N e tw o r k  fo r  E u ro p e a n  R a d io th e ra p y  (PA R TN ER ) a n d  in  p a r t ic u la r  P ro f  M a n jit  
D o sa n jh .
I w o u ld  lik e  to  e x p re s s  m y  s in c e re  g r a t i tu d e  to  P ro f  K a re n  K irk b y  fo r  h e r  c o n s ta n t  
s u p p o r t ,  g u id a n c e  a n d  e n th u s ia s m  d u r in g  th e  c o u rse  o f th is  P h D . I a m  a lso  im m e n s e ly  
in d e b te d  to  D r  N o r m a n  K irk b y  fo r  th e  t im e  a n d  e n e rg y  h e  s p e n t  o n  v a r io u s  a s p e c ts  
o f  th is  w o rk  w i th  h is  im m e n s e  p a t ie n c e  a n d  c u r io s i ty  fo r  sc ien ce . I  a m  a lso  e x tre m e ly  
g ra te fu l  to  D r  Raj Je n a . H is  e x p e r tis e  a n d  c lin ic a l p e rs p e c tiv e  h a v e  p r o v e d  to  b e  in v a lu ­
a b le  to  th is  re se a rc h .
I  w o u ld  lik e  to  th a n k  D r  N e il B u rn e t  fo r  th e  in te re s t  s h o w n  in  th is  w o rk  a n d  fo r  h is  
e x tre m e ly  u s e fu l  c o m m e n ts .
I a m  a lso  e x tre m e ly  g ra te fu l  to  th e  R o y a l S u rre y  C o u n ty  H o s p ita l  fo r  p r o v id in g  th e  
t im e  a n d  s u p e rv is io n  in  th e  X -ray  e x p e r im e n ts .
V ery  sp e c ia l th a n k s  to  a ll m y  c o lle a g u e s  fo r  th e ir  h e lp  a n d  s u p p o r t ,  e s p e c ia lly  D r  
C h a rlie  Je y n es , D r  M ik e  M e rc h a n t,  M ir ia m  B a r r y  D e b o ra h  G u e s t  a n d  M in g  C h ew .
I  w il l  a lw a y s  r e m e m b e r  m y  P A R T N E R  f r ie n d s  a n d  th e  e x t r a o rd in a r y  tim e s  s p e n t  
to g e th e r  in  d if fe re n t  p a r ts  o f  E u ro p e .
If  th e re  is  a n y o n e  I fee l e sp e c ia lly  in d e b te d  to , i t  is  m y  p a r e n ts ,  m y  s is te r  a n d  m y  
g ra n d m o th e r ,  w h o  I m is s  e v e ry  day.
F ina lly , m y  h u s b a n d ,  B rian , w h o  I m e t  in  th e  b e g in n in g  o f th is  P h D  a n d  w h o s e  lo v e , 
e n th u s ia s m  a n d  p a t ie n c e  h a v e  h e lp e d  m e  th r o u g h o u t  th is  jo u rn ey .
IV
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1 .1  B A C K G R O U N D
C a n c e r  is  a  m a jo r  w o r ld w id e  p u b lic  h e a l th  p ro b le m  a n d  is  c o n s id e re d  to  b e  th e  le a d in g  
c a u se  o f d e a th  fo r  p e r s o n s  y o u n g e r  th a n  85 y e a rs  o f  a g e , a c c o u n tin g  fo r  m o re  d e a th s  
th a n  h e a r t  d is e a s e  (Jem al e t  a l., 2011). A b o u t  12.7 m il lio n  c a n c e r  ca se s  a n d  7.6 m il l io n  
c a n c e r  d e a th s  a re  e s t im a te d  to  h a v e  o c c u r re d  in  2008 w o r ld w id e  (F e rlay  e t  a l., 2010), 
w i th  a n  e s t im a te d  3.2 m il l io n  n e w  ca se s  a n d  1.7 m il l io n  d e a th s  in  E u ro p e  (F e rla y  e t  al., 
2007). In  th e  U K , o v e r 300,000 p e o p le  w e re  d ia g n o s e d  w i th  c a n c e r  in  2008. A  to ta l  
o f  155,538 d e a th s  w e re  re c o rd e d  in  th e  U K  in  2009, th e  m o s t  re c e n t y e a r  fo r  w h ic h  
a c tu a l  d a ta  a re  av a ila b le  (C a n c e r  R e se a rc h  U K , 2012). B e tw e e n  th e  1990s a n d  2008, 
h o w ev e r, so m e  g r o u n d  h a s  b e e n  w o n  as  th e  c a n c e r  d e a th  r a te s  h a v e  d e c re a s e d  22.9%  
in  m e n  a n d  15.3%  in  w o m e n  (S iegel e t  al., 2012). T h is  r e d u c t io n  in  o v e ra ll c a n c e r  d e a th  
ra te s  is  a  te s ta m e n t  to  a  m y r ia d  o f im p ro v e m e n ts  m a d e  in  e a r ly  d e te c tio n  s c re e n in g , 
d ia g n o s is ,  su rg e ry , r a d io th e r a p y  a n d  c h e m o th e ra p e u t ic  d ru g s .  D e a th  r a te s  c o n t in u e  
to  d e c re a s e  fo r  c o lo re c tu m , b re a s t ,  a n d  p r o s ta te  can ce r, w i th  m a n y  y e a rs  a d d e d  to  th e  
m e d ia n  s u rv iv a l  tim e s ; c o n v e r s e ly  th e re  h a s  b e e n  n o  s ig n if ic a n t p ro g re s s  fo r  c a n c e rs  
a ffe c tin g  th e  s to m a c h , o e s o p h a g u s ,  p a n c re a s , lu n g  a n d  b r a in  (Fig. 1.1.1) (M a c m illa n  
C a n c e r  S u p p o r t ,  2011).
G lio b la s to m a  (GBM ) is  th e  m o s t  c o m m o n  a n d  m a lig n a n t  o f  a ll p r im a ry  b r a in  t u ­
m o u r s ,  w h ic h  a c c o u n ts  fo r  th e  m o s t  y e a rs  o f  h u m a n  life  lo s t, p e r  p a t ie n t ,  th a n  a n y  
o th e r  fo rm  o f c a n c e r  (B u rn e t e t  a l., 2005). E a c h  y e a r  in  th e  U K  o v e r 4 ,700  n e w  c a se s  
o f  b r a in  o r  c e n tra l n e rv o u s  s y s te m  (C N S) c a n c e rs  a re  e x p e c te d  to  b e  d ia g n o s e d , r e p ­
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r e s e n tin g  a r o u n d  7 p e r  100,000 p e o p le  (C an c e r  R e se a rc h  U K , 2012). A lth o u g h  b r a in  
tu m o u r s  a c c o u n t fo r  le ss  th a n  2%  o f a ll p r im a r y  tu m o u r s  th e y  a re  r e s p o n s ib le  fo r  7% 
o f th e  d e a th s  f ro m  c a n c e r  b e fo re  th e  a g e  o f 70 (O ffice fo r  N a tio n a l S ta tis tic s , 2006).
A t p re s e n t ,  o p t im u m  tr e a tm e n t  o f G B M  is b a s e d  o n  a  m u lt i -m o d a li ty  a p p ro a c h  th a t  
in c lu d e s  s u r g e r y  fo r  re se c tio n  o r  s te re o ta c tic  b io p sy , fo llo w e d  b y  r a d io th e r a p y  p lu s  
c o n c o m ita n t a n d  a d ju v a n t c h e m o th e ra p y . H is to r ic a lly  th e  u s e  o f c h e m o th e ra p y  a s  a  
s ta n d a r d  p o s t-o p e ra tiv e  t r e a tm e n t  h a s  h a d  lit t le  su ccess . In  2005, a la n d m a r k  in te r n a ­
t io n a l m u lt i-c e n tre  r a n d o m is e d  p h a s e  III tr ia l  c o n d u c te d  b y  th e  E u ro p e a n  O rg a n iz a tio n  
fo r R e se a rc h  a n d  T re a tm e n t o f C a n c e r  (EO R TC ) a n d  th e  N a tio n a l C a n c e r  In s t i tu te  of 
C a n a d a  (N C IC ) C lin ic a l T rial G ro u p  d e m o n s tr a te d  th e  b e n e f it  o f a d d in g  c o n c u r re n t  
a n d  a d ju v a n t  te m o z o lo m id e  (T M Z ), a n  o ra l a lk y la t in g  a g e n t, to  r a d io th e r a p y  (S tu p p  
e t al., 2005). In  sp ite  o f th is , m e d ia n  life  e x p e c ta n c y  in  o p tim a lly  m a n a g e d  p a t ie n ts  
is  le ss  th a n  15 m o n th s , w ith  o n ly  25%  s u rv iv in g  24 m o n th s . T h u s , th e re  is  c le a rly  a n  
u rg e n t  n e e d  to  o p tim iz e  th e  e fficacy  o f c o n c u r re n t o p tim a l t r e a tm e n t  a n d  to  d e v e lo p  
n o v e l s tra te g ie s  to  im p ro v e  th e  o u tc o m e  o f p a t ie n ts  w i th  G BM .
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F ig u re  1.1.1.: M e d ia n  su rv iv a l  t im e  (years), b y  p e r io d  o f d ia g n o s is  a n d  c a n c e r  in  E n g ­
la n d  a n d  W ales. T ak e n  f ro m  M a c m illa n  C a n c e r  S u p p o r t  (2011).
1.2 R E S E A R C H  Q U E S T IO N S
T h e ro le  o f T M Z , in  p a r t ic u la r  its  c o m b in a tio n  w ith  ra d ia t io n ,  in  G B M  re m a in s  a  c o n ­
tro v e rs ia l to p ic . O n e  q u e s tio n  a r is in g  f ro m  th e  E O R T C -N C IC  s tu d y  is  th e  re la tiv e  
c o n tr ib u tio n  o f T M Z  in  th e  c o n c o m ita n t a n d  th e  a d ju v a n t  p h a s e s  o f th e  tr ia l. It s h o u ld
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b e  n o te d  th a t  th e  E O R T C -N C IC  s tu d y  w a s  n o t  d e s ig n e d  to  e x p lo re  th is  is s u e  d irec tly . 
M o reo v e r, m o s t  o f  th e  c u r r e n t  a n d  f u tu re  c lin ic a l tr ia ls  a re  a d d r e s s e d  to  e x a m in e  t r e a t­
m e n t  in te n s if ic a tio n  o f T M Z  a n d  to  in c re a se  th e  n u m b e r  o f m a in te n a n c e  cyc les o f T M Z  
(C la rk e  e t  a l., 2009a; V illa n o  e t  a l., 2009). N e v e r th e le s s , th e re  a re  a  n u m b e r  o f  p re -  
c lin ic a l s tu d ie s  th a t  a d d re s s e d  th e  in  vitro  e ffec ts  o f  T M Z  o n  ra d io se n s it iv ity . S o m e  
d a ta  s u p p o r t  a  r a d io s e n s i t iz in g  effec t o f T M Z , w h e re a s  o th e rs  in d ic a te  in d e p e n d e n t  
a d d i t iv e  c y to to x ic ity  (see  T able 2.5.1 fo r  re fe ren c es) . T h is  d is c re p a n c y  m ig h t  b e  d u e  
to  d if fe re n t e x p e r im e n ta l  m e th o d o lo g ie s , in  p a r t ic u la r  th e  c o n c e n tra tio n  o f  T M Z  u s e d , 
r a n g in g  f ro m  1 to  500 pM , a n d  th e  e x p o s u re  t im e  b e fo re , d u r in g  o r  a f te r  ir ra d ia t io n .  I t 
is  th e re fo re  n o t  c le a r  w h e th e r  th e  c u r r e n t  r e g im e n  is  o p tim a l in  te rm s  o f  th e  m a x im u m  
b e n e f it  f ro m  th e  c o m b in e d  t r e a tm e n t  m o d a litie s .
A n o th e r  im p o r ta n t  f in d in g  th a t  e m e rg e d  f ro m  th e  E O R T C -N C IC  tr ia l  is  th a t  n o t  
a ll p a t ie n ts  b e n e f it  f ro m  th e  a d d i t io n  o f T M Z . In  th a t  s tu d y , s ile n c in g  o f  th e  O ^ - 
m e th y lg u a n in e -D N A  m e th y ltr a n s fe ra s e  (M G M T ) r e p a ir  g e n e  b y  p r o m o te r  m é th y la t io n  
w a s  a s so c ia te d  w i th  lo n g e r  s u rv iv a l  (H e g i e t  a l., 2005). T h is  s u g g e s ts  th a t  th e  m é th y la ­
t io n  s ta tu s  o f  th e  M G M T  p ro m o te r  is  a n  in d e p e n d e n t  p ro g n o s tic  a n d  p re d ic tiv e  fa c to r  
o f  b e n e f it  f ro m  T M Z . A s a  c o n s e q u e n c e , a l te rn a t iv e  s tra te g ie s  to  e x te n d  th e  a d v a n ta g e  
o f  c u r r e n t  o p tim a l t r e a tm e n t  to  th e  s u b g r o u p  o f  p a t ie n ts  w i th  a n  u n m e th y la te d  M G M T  
a re  u r g e n t ly  n e e d e d . T h e  M G M T  p r o m o te r  m é th y la t io n  s ta tu s  is  th e re fo re  a  k e y  c o n ­
c e p t b e h in d  e ffo rts  to  o p tim is e  th e  c o m b in a t io n  o f  t r e a tm e n t  m o d a li t ie s  a n d  s h o u ld  b e  
c o n s id e re d  in  th e  d e v e lo p m e n t o f f u tu re  th e ra p ie s  in  G BM .
M o reo v e r, th e  5 -y e a r  a n a ly s is  o f  th e  E O R T C -N C IC  tr ia l  s h o w e d  th a t  th e  a d v a n ta g e  
e n d o w e d  b y  T M Z  la s ts  o v e r tim e ; h o w ev e r, s u rv iv a l  d o e s  n o t  p la te a u ,  a n d  t r u e  lo n g ­
te rm  s u rv iv a l  is  n o t  y e t clear. T h e  o v e ra ll s u rv iv a l  r a te s  w e re  27.2%  a t  2 y e a rs  v e r s u s  
9 .8%  a t  5 y e a rs  in  th e  c o m b in e d  tr e a tm e n t  a r m  w ith  r a d io th e r a p y  p lu s  T M Z  (S tu p p  
e t  al., 2009). C o n s e q u e n tly , f u r th e r  im p ro v e m e n ts  a re  n e e d e d  fo r  th o s e  p a t ie n ts  w i th  
M G M T  p r o m o te r  m e th y la te d  tu m o u rs .
T h e se  o b s e rv a tio n s  ra is e  a  n u m b e r  o f  c rit ic a l q u e s tio n s . F irs t, d o e s  T M Z  s e n s it iz e  
tu m o u r  ce lls  to  r a d io th e r a p y  o r  is  th e  a d d i t io n a l  s u rv iv a l  b e n e f it  in  th e  E O R T C -N C IC  
s tu d y  d u e  to  T M Z  in d e p e n d e n t  c y to to x ic ity  r e g a rd le s s  o f  th e  r a d ia tio n ?  S e c o n d , w h a t  
a r e  th e  u n d e r ly in g  m e c h a n is m s  b e h in d  T M Z 's  a d d i t iv e  o r  s y n e rg is tic  effec t?  F in a lly , 
c a n  n o v e l s tra te g ie s  b e  d e s ig n e d  to  o v e rc o m e  th e  re s is ta n c e  to  b o th  r a d io th e r a p y  a n d  
c h e m o th e ra p y  a n d  to  im p ro v e  o u tc o m e s  in  b o th  u n m e th y la te d  a n d  m e th y la te d  M G M T  
tu m o u r  g ro u p s ?  T h e se  q u e s tio n s  a re  th e  su b je c t o f th e  p r e s e n t  th e s is  a n d  h a v e  b e e n  
a d d r e s s e d  u s in g  b o th  m a th e m a tic a l  m o d e ll in g  a n d  e x p e r im e n ta tio n .
1.3 PROPOSED METHODOLOGY AND INNOVATIVE ASPECTS
1 .3  P R O P O S E D  M E T H O D O L O G Y  A N D  IN N O V A T IV E  A S P E C T S
T h e  u s e  o f  m u lt is c a le  c a n c e r  m o d e ll in g  in  c lin ic a l o n c o lo g y  is  in c re a s in g ly  b e in g  re c o g ­
n iz e d  a s  a  to o l to  in te g ra te  th e  k n o w le d g e  o f th e  b io lo g y  o f  ce lls  a t  th e  sm a lle s t  sca le , 
u p  to  m o d e ls  o f  a  s in g le  p a t ie n t  a n d  a  p o p u la t io n  o f  p a t ie n ts  a t  th e  la rg e s t  sca le . In  th is  
s tu d y , a  m u lt is c a le  m a th e m a tic a l  m o d e l  w a s  d e v e lo p e d  to  e x p lo re  th e  p o te n t ia l  in te ra c ­
t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  u s in g  th e  c lin ic a l s u rv iv a l  d a ta  o f th e  E O R T C -N C IC  
s tu d y . To e x p e r im e n ta lly  te s t  th e  p re d ic tio n s  o f th e  m o d e l  a n d  f u r th e r  e x p lo re  th e  n a ­
tu r e  o f th e  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n ,  th e  r e s p o n s e  to  c o m b in e d  T M Z  a n d  
r a d io th e r a p y  w a s  e v a lu a te d  in  a  p a n e l  o f  f o u r  h u m a n  G B M  ce lls  w i th  a  h e te ro g e n e o u s  
M G M T  s ta tu s .
To o v e rc o m e  th e  in tr in s ic  re s is ta n c e  o f G B M  to  b o th  r a d io th e r a p y  a n d  c h e m o th e ra p y , 
th e  c o m b in a t io n s  o f a  n u m b e r  o f n o v e l tr e a tm e n t  a p p ro a c h e s  w a s  in v e s tig a te d . T h e se  
t r e a tm e n t  a p p ro a c h e s  in c lu d e  th e  c o m b in a t io n  o f T M Z  w ith  p a r t ic le  th e ra p y . P a r tic le  
th e ra p y  is  a n  e m e rg in g  ra d io th e ra p e u t ic  m o d a li ty  c h a ra c te r iz e d  b y  a  b e t te r  p h y s ic a l  
d o s e  d is t r ib u t io n  c o m p a r e d  to  c o n v e n tio n a l p h o to n s  (D u ra n te  e t  a l., 2010). T h is  m o d a l­
i ty  is  th e re fo re  h ig h ly  a t tra c tiv e  fo r  t r e a t in g  r a d io r e s is ta n t  tu m o u r s  lik e  G B M , w h o s e  
a n a to m ic a l p o s i t io n  is  a lso  c h a lle n g in g , a l lo w in g  r a d ia t io n  d o s e  e s c a la tio n  w h ile  s p a r ­
in g  th e  s u r r o u n d in g  n o rm a l  b r a in  tis su e s . V ery  li t t le  p re c lin ic a l d a ta  e x is t o n  th e  e ffec ts  
o f  c h a rg e d  p a r t ic le s  (p ro to n s  o r  h e a v ie r  io n s)  o n  G B M  a n d  m o re o v e r  o n  th e  c o n c o m i­
ta n t  a p p l ic a tio n  o f  c h e m o th e ra p y  (C o m b s  e t  a l., 2009). th e  p r e s e n t  s tu d y , th e  in  
vitro  e ffec ts  o f T M Z  in  c o m b in a t io n  w i th  lo w -e n e rg y  p r o to n s  a n d  a lp h a  p a r t ic le s  w e re  
in v e s tig a te d  in  b o th  a n  M G M T -m e th y la te d  ce ll l in e  a n d  a n  M G M T -u n m e th y la te d  ce ll 
lin e .
S ince  T M Z  a n d  r a d ia t io n  c a u se  D N A  d a m a g e  in  c a n c e r  ce lls , th e re  h a s  b e e n  in ­
c re a s e d  a t te n t io n  to  th e  u s e  o f  in h ib i to r s  o f  D N A  r e p a ir  to  p o te n t ia te  th e ir  c y to to x ic  e f­
fec ts . F o ly (A D P -rib o se )  p o ly m e ra s e  (PA RP) is  a  fa m ily  o f  e n z y m e s  th a t  p la y  a  k e y  ro le  
in  th e  r e p a ir  o f D N A  b re a k s . T h e  p o te n tia l  o f  A BT-888, a  n o v e l P A R P -i a n d  P A R P -2  
in h ib ito r , in  c o m b in a t io n  w i th  b o th  T M Z  a n d  r a d ia t io n  w a s  e x p lo re d  o n  a  p a n e l  o f 
f o u r  h u m a n  G B M  ce ll lin e s . T h is  re p re s e n ts  th e  f irs t  in  vitro  s tu d y  th a t  e x a m in e s  th e  
in te ra c t io n  o f  th e s e  th r e e  a g e n ts  a n d  th e  m e c h a n is m s  u n d e r ly in g  A B T -8 8 8 -m e d ia ted  
s e n s itiz a tio n , in c lu d in g  th e  c r itica l ro le  o f M G M T .
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1.4 A IM S  A N D  O BJEC TIV ES
T h is  d is s e r ta t io n  a im s  to  a s se ss  th e  effec t o f  th e  c h e m o th e ra p e u tic  d r u g ,  T M Z , in  c o m ­
b in a t io n  w i th  io n iz in g  r a d ia t io n  a n d  to  c la r ify  th e  n a tu r e  o f th is  in te ra c t io n . O n e  ob jec­
tiv e  is  to  ta k e  a n  e x is t in g  m o d e l,  w h ic h  w a s  o r ig in a lly  d e s ig n e d  to  m o d e l  r a d io th e r a p y  
a lo n e  (K irk b y  e t  a l., 2007b), a n d  e x p a n d  i t  to  in c lu d e  c h e m o th e ra p y . T h is  m o d e l  is  th e n  
u s e d  to  e x p lo re  th e  ro le  o f T M Z  in  c o m b in a t io n  w i th  r a d io th e r a p y  u s in g  th e  c lin ic a l 
s u rv iv a l  d a ta  o f  th e  E O R T C -N C IC  s tu d y . T h e  m o d e l  p re d ic t io n s  a re  te s te d  w i th  in  vitro  
e x p e r im e n ts  to  f u r th e r  in v e s tig a te  th e  u n d e r ly in g  m e c h a n is m s  o f  c o m b in e d  T M Z  a n d  
r a d ia t io n  o n  h u m a n  G B M  ce ll lin e s .
T h is  d is s e r ta t io n  a lso  a im s  to  e lu c id a te  th e  c o m b in a t io n  o f  T M Z  w ith  p a r t ic le  th e ra p y  
to  d e te r m in e  w h e th e r  r a d ia t io n  q u a l i ty  a ffec ts  th is  in te ra c tio n . T h e  o b je c tiv e  w a s  to  
a s se ss  th e  r e s p o n s e  o f  T M Z  a n d  c h a rg e d  p a r t ic le s  u s in g  th e  W o lfso n  v e r tic a l b e a m  lin e  
a t  th e  U n iv e rs ity  o f S u rrey , Io n  B e am  C e n tre  (K irk b y  e t  a l., 2007a).
F inally , th is  d is s e r ta t io n  a im s  to  e x p lo re  th e  p o te n t ia l  s e n s it iz in g  e ffec t o f  P A R P  
in h ib i t io n  in  r e s p o n s e  to  b o th  T M Z  a n d  ra d ia t io n .  T h is  e ffec t is  s tu d ie d  b y  te s t in g  
th e  e fficacy  o f  a  n o v e l PA R P  in h ib ito r , A BT-888, a n d  its  c o m b in a t io n  w i th  b o th  T M Z  
a n d  r a d ia t io n  o n  h u m a n  G B M  ce ll lin e s .
1.5 D IS S E R T A T IO N  O U T L IN E
T h is  d is s e r ta t io n  c o n s is ts  o f  s e v e n  c h a p te rs .  T h e  c u r r e n t  c h a p te r  g iv e s  a n  o v e rv ie w  
o f th e  o v e ra ll c o n te x t o f th e  p ro je c t f ro m  c a n c e r  in c id e n c e  to  th e  sp ec ific  ca se  o f  h ig h -  
g r a d e  b r a in  tu m o u r s  w i th  p a r t ic u la r  a t te n t io n  a p p l ie d  to  G B M . I t  id e n tif ie s  th e  le a d in g  
q u e s tio n s  a n d  c lin ic a l n e e d s  in  th e  t r e a tm e n t  o f  G B M  a n d  th e n  b r ie f ly  d e s c r ib e s  th e  
a p p ro a c h e s  a d o p te d  in  th is  w o rk .
C h a p te r  2 in tro d u c e s  th e  r e a d e r  to  G B M  a n d  its  m a n a g e m e n t ,  fo c u s in g  o n  th e  c u r ­
r e n t  s ta n d a r d  p o s t-o p e ra tiv e  t r e a tm e n t,  w h ic h  in c lu d e s  r a d io th e r a p y  a n d  c h e m o th e r ­
apy. T h e  u n d e r ly in g  m e c h a n is m s  o f  re s is ta n c e  to  th e s e  th e ra p ie s  a re  a lso  id e n tif ie d . 
O n  th is  b a s is ,  tw o  a lte rn a t iv e  tr e a tm e n t  a p p ro a c h e s  a re  in tro d u c e d : (1), p a r t ic le  th e r ­
ap y ; a n d  (2), P A R P  in h ib itio n . T h e ir  th e ra p e u tic  p o te n t ia l  in  c o m b in a t io n  w i th  T M Z  
a n d  r a d io th e r a p y  is  a lso  d e s c r ib e d .
C h a p te r  3 p re s e n ts  th e  d e v e lo p m e n t o f  a  m a th e m a tic a l  m o d e l  to  id e n tify  th e  ro le  
^ ^ T M Z  in  c o m b in a t io n  w ith  ra d io th e ra p y "  a n d  its  in  v ivo  e ffec t o n  th e  r a d io b io lo g ic a l 
p a r a m e te r s  d ire c tly  e x tra c te d  f ro m  th e  c lin ica l d a ta  o f  th e  E O R T C -N C IC  s tu d y .
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T h e  fo llo w in g  th re e  c h a p te rs  c a n  b e  c o n s id e re d  to g e th e r  a s  th e y  b e lo n g  to  th e  ex ­
p e r im e n ta l  s id e  o f  th is  d is s e r ta t io n . C h a p te r  4 d e s c r ib e s  th e  ce ll lin e s , th e  t r e a tm e n t  
m o d a li t ie s  a n d  th e  m e th o d s  u s e d  to  a s se ss  th e  in  vitro  e ffec ts  o f  T M Z  w ith  X -rays, p r o ­
to n s  a n d  a lp h a  p a r t ic le s , a s  w e ll a s  i ts  c o m b in a t io n  w i th  th e  P A R P  in h ib i to r  ABT-888. 
S c h e d u le s  fo r  e a c h  t r e a tm e n t  c o m b in a t io n  a re  c a re fu lly  i l lu s tr a te d .  C h a p te r  5 p r e s e n ts  
th e  e x p e r im e n ta l  r e s u l ts  a c h ie v e d  in  th is  d is s e r ta t io n . T h is  c h a p te r  is  d iv id e d  in  tw o  
m a in  p a r ts .  T h e  f irs t  p a r t  lo o k s  a t  th e  effec ts  o f  T M Z  in  c o m b in a t io n  w i th  X -rays 
a n d  c h a rg e d  p a r tic le s . T h e  s e c o n d  p a r t  in v e s tig a te s  th e  c o m b in a t io n  o f A BT-888 w i th  
T M Z  a n d  X -rays. C h a p te r  6 d is c u s se s  th e  re s u lts  r e le v a n t to  C h a p te r  5 a n d  c o m p a re s  
th e m  a g a in s t  th e  l i te r a tu re .  T h e  m o d e l l in g  p re d ic tio n ,  p r e s e n te d  in  C h a p te r  3 , is  a lso  
c o m p a r e d  to  th e  e x p e r im e n ta l  d a ta .
F ina lly , C h a p te r  7 is  th e  c o n c lu s io n  a n d  r e c a p itu la te s  th e  m a in  f in d in g s  a n d  th e ir  
im p l ic a tio n  in  th e  t r e a tm e n t  o f G B M . A re a s  o f  f u tu re  re s e a rc h  a re  a lso  s u g g e s te d  w i th in  
th is  c h a p te r . C h a p te r  7 is  fo llo w e d  b y  a  lis t o f sc ien tific  c o n tr ib u tio n s  r e s u l t in g  f ro m  
th is  P h D .
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2 .1  IN T R O D U C T IO N
T h is  c h a p te r  se rv e s  a s  a n  in tr o d u c t io n  to  h ig h - g ra d e  b r a in  tu m o u r s ,  in  p a r t ic u la r  to  
n e w ly  d ia g n o s e d  p r im a ry  G B M , a n d  ra n g e s  f ro m  th e  b a s ic s  o f  c lin ic a l c h a ra c te r is tic s  
a n d  m a n a g e m e n t  to  th e  c u r r e n t  s ta te  o f th e  a r t  in  th e ra p e u tic s ,  a s  w e ll a s  n o v e l a re a s  
o f  re se a rc h .
T h e  fo llo w in g  se c tio n  b e g in s  w i th  a  d e s c r ip tio n  o f th e  e p id e m io lo g y , d ia g n o s tic  a p ­
p ro a c h , p a th o lo g ic a l a n d  m o le c u la r  fe a tu re s  o f  G B M , a n d  i l lu s tr a te s  th e  im p o r ta n c e  o f
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u n d e r s ta n d in g  th e  u n d e r ly in g  b io lo g y  o f  th is  tu m o u r  ty p e , o n  w h ic h  m a n y  th e ra p e u tic  
d e c is io n s  a re  m a d e .
T h e  s ta n d a r d  t r e a tm e n t  o f  G B M  is  c o n s id e re d  n e x t. T h is  is  b a s e d  o n  a  m u lt i -m o d a l i ty  
a p p r o a c h  in c lu d in g  s u r g e ry  fo r  re se c tio n  o r  s te re o ta c tic  b io p sy , fo llo w e d  b y  r a d io th e r ­
a p y  p lu s  c o n c o m ita n t  a n d  a d ju v a n t  c h e m o th e ra p y . T h e  ro le  o f  c h e m o th e ra p y  in  th e  
m a n a g e m e n t  o f  G B M  h a s  o n ly  re c e n tly  b e e n  e s ta b l is h e d  b y  th e  E O R T C -N C IC  p h a s e  
III c lin ic a l tr ia l th a t  d e m o n s tr a te d  th e  s u rv iv a l  a d v a n ta g e  o f  T M Z  c h e m o th e ra p y  a d d e d  
to  r a d io th e r a p y  a s  o p p o s e d  to  r a d io th e r a p y  a lo n e . T h e  ro le  o f  T M Z , r a d ia t io n  a n d  th e ir  
c o m b in a t io n  is  th e  b a s is  o f  th is  w o rk , a n d  th is  is  e x te n s iv e ly  d is c u s s e d  th r o u g h o u t  th is  
ch a p te r.
H o w ev er, d e s p i te  th e  r e c e n t a d v a n c e s  in  c o m b in e d  tr e a tm e n ts ,  th e  p r o g n o s is  fo r  
p a t ie n ts  w i th  G B M  re m a in s  p o o r. T h is  c h a p te r  a lso  d e s c r ib e s  th e  l im ita t io n s  o f  th e  
c u r r e n t ly  av a ila b le  th e ra p e u tic  o p tio n s , w h ic h  d e p e n d  o n  a  n u m b e r  o f  r e s is ta n c e  m e c h ­
a n is m s  a m o n g  w h ic h  D N A  re p a ir  p la y s  a  m a jo r  ro le . T h e  c h a p te r  th e n  fo c u se s  o n  tw o  
n o v e l t r e a tm e n t  a p p ro a c h e s : p a r t ic le  th e ra p y  a n d  in h ib i t io n  o f  PARP.
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2.2.1 D efin ition
T h e  te r m  b ra in  tu m o u r  re fe rs  to  a  s e t  o f  p r im a r y  n e o p la s m s  a r is in g  in  th e  C N S . 
G lio m a s  a re  th e  c o m m o n e s t  p r im a r y  b r a in  tu m o u rs .  A c c o rd in g  to  th e  g lia l ce ll o r i­
g in , g lio m a s  c a n  b e  d iv id e d  in to  a s tro c y to m a s , o l ig o d e n d ro g lio m a s , e p e n d y m o m a s ,  
a n d  m ix e d  g lio m a s  (e.g . o lig o a s tro c y to m a s ) . T h e  m a jo r i ty  o f g lio m a s  a re  a s tro c y to m a s . 
T h e  W o rld  H e a l th  O rg a n iz a tio n  (W H O ) c la ss ifica tio n , p u b l is h e d  in  2007, d iv id e s  a s ­
tro c y to m a s  in to  fo u r  tu m o u r  g ra d e s  w i th  in c re a s in g  m a lig n a n c y  (L o u is  e t  a l., 2007). 
G ra d e s  III a n d  IV  a re  c o n s id e re d  h ig h -g ra d e  o r  m a lig n a n t  g lio m a s . T h e  m o s t  c o m m o n  
a n d  m a lig n a n t  a s tro c y to m a  is  G B M  (W H O  g r a d e  IV). G B M s c a n  b e , d iv id e d  in to  tw o  
m a in  s u b ty p e s : p r im a r y  G B M s, w h ic h  a re  th e  m a jo r i ty  o f  th e  ca se s , a n d  s e c o n d a ry  
G B M s (< io % ) th a t  p ro g re s s  f ro m  lo w -g ra d e  a s tro c y to m a s  in to  G B M s.
2.2.2 Epidemiology and diagnosis
M a lig n a n t p r im a ry  b r a in  tu m o u r s  r e p r e s e n t  le s s  th a n  2%  o f a ll c a n c e rs , h o w e v e r  th e y  
a re  a s so c ia te d  w ith  a  d is p ro p o r t io n a te  r a te  o f  m o r ta l i ty  (B u rn e t e t  a l., 2005). E a c h
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y e a r  a b o u t  24,000 n e w  ca se s  o f  m a lig n a n t  p r im a r y  b r a in  tu m o u r s  a re  e s t im a te d  in  th e  
U n ite d  S ta te s  a n d  o v e r  4 ,300 in  th e  U K , o f  th e s e  p a t ie n ts  a p p ro x im a te ly  h a lf  d ie  w i th in  
th e  s a m e  y e a r  o f d ia g n o s is  (C B TR U S, 2010; O ffice fo r  N a t io n a l  S ta tis tic s , 2006). T h e  
a n n u a l  in c id e n c e  r a te  o f G B M  is  in  th e  o r d e r  o f  3 to  5 ca se s  p e r  100,000 p e o p le  (P re u s s e r  
e t  a l., 2011). T h is  r a te  is  40%  h ig h e r  in  m e n  th a n  w o m e n  a n d  tw ic e  a s  f r e q u e n t  in  m o re  
d e v e lo p e d  c o u n tr ie s  th a n  in  le ss  d e v e lo p e d  c o u n tr ie s . P r im a ry  G B M s te n d  to  o c c u r  in  
o ld e r  p a t ie n ts  a n d  th e  m e d ia n  a g e  o f  d ia g n o s is  is  64 y e a rs ; w h e re a s , th e  m e d ia n  a g e  
fo r  s e c o n d a ry  G B M  is  45 y e a rs  (B arn e tt, 2007).
T h e  e t io lo g y  o f  G B M  re m a in s  to  b e  c la r if ied . T h e  o n ly  e s ta b l is h e d  r is k  fa c to r  is  
e x p o s u re  to  io n iz in g  ra d ia tio n .  A sso c ia tio n  w i th  h e a d  in ju ry , o c c u p a t io n a l  r is k  fa c to rs , 
e le c tro m a g n e tic  f ie ld  e x p o s u re , in ta k e  o f N -n i tro s o  c o m p o u n d s  as w e ll a s  th e  u s e  o f 
m o b ile  p h o n e s  h a v e  n o t  b e e n  d e m o n s tr a te d  (W en  a n d  K esa ri, 2008). F a m ily  h is to ry  
o f  G B M  h a s  b e e n  o b s e rv e d  in  le s s  th a n  5%  o f  th e  p a t ie n ts .  T h e se  ca se s  a re  p a r t ly  
re la te d  w i th  r a r e  g e n e tic  sy n d ro m e s ', lik e  n e u ro f ib ro m a to s is  ty p e s  1 a n d  2 (i.e. tu m o u r  
d is o r d e r  c a u s e d  b y  a  m u ta t io n  o f a  g e n e  o n  c h ro m o s o m e  17 fo r  ty p e  1, a n d  o f  th e  
M e r lin  g e n e  o n  c h ro m o s o m e  22 fo r  ty p e  2), th e  L i-F ra u m e n i s y n d ro m e  (i.e. s y n d r o m e  
l in k e d  to  g e rm lin e  m u ta t io n s  o f th e  p53  tu m o u r  s u p p r e s s o r  g en e ), a n d  th e  T u rc o t 's  
s y n d r o m e  (i.e. c o n d i t io n  a s so c ia te d  w i th  b ia lle lic  D N A  m is m a tc h  r e p a ir  m u ta t io n s )
(W en  a n d  K esa ri, 2008). I t  is  o f  in te re s t  to  n o te  th a t  th e  g e n e tic  s y n d ro m e s  a s s o c ia te d  
w i th  fa m ilia l G B M  e n c o d e  fo r  e r ro rs  in  P53 s ig n a ll in g  a n d  in  D N A  m is m a tc h  re p a ir .
S y m p to m s  v a r y  w i th  th e  lo c a tio n  a n d  th e  s iz e  o f  th e  tu m o u r . P a tie n ts  g e n e ra lly  
p r e s e n t  h e a d a c h e s  a s so c ia te d  w i th  n a u s e a  a n d  v o m it in g , s e iz u re s , fo ca l n e u ro lo g ic a l  
d e fic its  (e.g . h e m ip a re s is  a n d  a p h a s ia ) ,  p e r s o n a l i ty  c h a n g e s  a n d  m e m o r y  lo ss  (D e A n - 
g e lis , 2001). D ia g n o s is  o f  G B M  is  e s ta b l is h e d  b y  m a g n e tic  re s o n a n c e  im a g in g  (M R I) o r  
c o m p u te d  to m o g ra p h y  (CT), fo llo w e d  b y  b io p sy . A d v a n c e d  M R I m o d a li t ie s ,  p o s i t ro n -  
e m is s io n  to m o g r a p h y  (PET), s in g le -p h o to n  e m is s io n  c o m p u te d  to m o g r a p h y  (SPE C T ) 
a n d  p r o to n  m a g n e tic  re s o n a n c e  sp e c tro sc o p y  (M RS) a re  a lso  u s e d  a s  im p o r ta n t  d ia g ­
n o s tic  to o ls  a n d  in  th e  fo llo w -u p  o f  r e s p o n s e  to  t r e a tm e n t  (B a rn e tt, 2007).
2.2.3 Pathological and m olecular fea tures
H ig h -g ra d e  b r a in  tu m o u r s  a re  g e n e ra lly  c h a ra c te r is e d  b y  in c re a s e d  ce llu la rity , n u c le a r  
p le o m o rp h is m , a n d  m ito tic  f ig u re s  (Fig. 2.2.1). A s  p re v io u s ly  d e s c r ib e d , G B M  is th e  
m o s t  a g g re ss iv e  a n d  m a lig n a n t o f th e se  tu m o u r s ,  c la ss ified  b y  th e  W H O  as  g r a d e  IV.
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T h e  W H O  g ra d e  IV  in c lu d e s  th o s e  tu m o u r s  th a t  a lso  p r e s e n t  v a s c u la r  p ro life ra tiv e  
c h a n g e s , a re a s  o f n e c ro s is , o r  b o th  (B arn e tt, 2007).
r
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F ig u re  2.2.1.: A x ia l M R I o f a  G B M  in  th e  le ft f ro n ta l lo b e  (a); G B M  is c h a ra c te r is e d  b y  
n e c ro s is  r im m e d  b y  tu m o u r  ce lls  (b, h e m a to x y lin  a n d  e o s in ). T ak e n  f ro m  
D e A n g e lis  (2001) (a) a n d  B a rn e tt  (2007) (b).
G B M  is a lso  c h a ra c te r iz e d  b y  a  h ig h  m o le c u la r  a n d  g e n e tic  h e te ro g e n e ity . R ecen tly , 
th e  a n a ly s is  o f g e n e  e x p re s s io n  p a t te r n s ,  c a r r ie d  o u t  b y  T h e  C a n c e r  G e n o m e  A tla s  
(T C G A ), id e n tif ie d  fo u r  d is t in c t  tu m o u r  s u b ty p e s  o f G B M  (C lassica l, M e se n c h y m a l, 
F ro n e u ra l  a n d  N e u ra l)  (V erh aak  e t al., 2010).
T h e  C lass ica l s u b ty p e  is  g e n e ra lly  a s so c ia te d  w i th  c h ro m o so m e  7 a m p lif ic a tio n  p a i r e d  
w ith  c h ro m o so m e  10 lo ss , o v e r-e x p re ss io n  o f th e  e p id e rm a l  g ro w th  fa c to r  r e c e p to r  
(EG FR) a n d  m u ta t io n s  in  th e  p i 6  g en e . T h is  c lass  a lso  sh o w s  a  la c k  o f P53 m u ta ­
tio n s  (V erh aak  e t al., 2010). F re q u e n t m u ta t io n s  in  th e  N F i  a n d  o v e r-e x p re s s io n  of 
C H I3L 1 a n d  M E T  a re  m o s t ly  o b se rv e d  in  th e  M e se n c h y m a l s u b ty p e  (P h illip s  e t  al., 
2006; V erh aa k  e t al., 2010). T h e  P ro n e u ra l  s u b g ro u p , a s so c ia te d  w ith  s e c o n d a ry  G B M , 
is  c h a ra c te r is e d  b y  m u ta t io n s  in  th e  p53  a n d  I D H i g e n e s , a n d  a m p lif ic a tio n  o f th e  
a lp h a - ty p e  p la te le t-d e r iv e d  g ro w th  fa c to r  re c e p to r  (PD G FR A ). C h ro m o s o m e  7 a m p li­
f ica tio n  p a i re d  w ith  c h ro m o so m e  10 lo ss  a re  le ss  c o m m o n  in  th is  s u b ty p e  (V erh aak  
e t al., 2010). T h e  m a jo r  fe a tu re  o f th e  N e u ra l  s u b ty p e  is  th e  e x p re s s io n  o f n e u r a l  m a rk ­
e rs  (V erh aak  e t al., 2010).
M u ta tio n s  o n  p h o s p h a ta s e  a n d  te n s in  h o m o lo g u e  o n  c h ro m o s o m e  10 (P T E N ) a re  
s e e n  in  a ll s u b ty p e s  (D e A n g e lis , 2001; V erh aak  e t al., 2010). G B M  a lso  r e p re s e n ts  o n e  o f 
th e  m o s t  h ig h ly -v a s c u la r is e d  tu m o u r s  c h a ra c te r is e d  b y  h ig h  e x p re s s io n  o f th e  v a s c u la r
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e n d o th e lia l  g ro w th  fa c to r  r e c e p to r  (VEG FR). V E G F R  p r o te in  e x p re s s io n  is  a m p lif ie d  
te n fo ld  in  G B M  c o m p a re d  to  lo w -g ra d e  g lio m a s  (A rk o  e t  a l., 2010).
In  th e  p a s t  d e c a d e , th e  M G M T  p r o m o te r  m é th y la t io n  s ta tu s  h a s  b e e n  id e n tif ie d  a s  
a  p r o g n o s tic  a n d  p re d ic t iv e  fa c to r  o f  r e s p o n s e  to  th e ra p y  in  p a t ie n ts  w i th  G B M  (G or- 
lia  e t  a l., 2008; H e g i e t  a l., 2005). I ts  d ia g n o s tic  v a lu e  is  c u r re n t ly  b e in g  v a l id a te d  in  
p ro s p e c tiv e  c lin ic a l tr ia ls  (S tu p p  e t  a l., 2009). I n te r e s t in g ly  in  th e  T C G A  a n a ly s is ,  th e  
m é th y la t io n  s ta tu s  o f  th e  M G M T  p r o m o te r  w a s  n o t  a s s o c ia te d  w i th  a n y  g e n e  e x p re s ­
s io n  s u b ty p e s  (V erh aak  e t a l., 2010). T h e  ro le  o f  th e  M G M T  is  d e s c r ib e d  in  d e ta i l  in  
S e c tio n  2.4, w i th  p a r t ic u la r  fo c u s  o n  its  th e ra p e u tic  im p lic a tio n s .
2.2.4 Standard trea tm ent fo r  G B M
T h e  in it ia l  th e ra p e u t ic  m e a s u re  fo r  p a t ie n ts  w i th  G B M  in v o lv e s  su rg ic a l re se c tio n  o r  
s te re o ta c tic  b io p s y  ( a p p ro x im a te ly  20-30%  o f  p a t ie n ts ) ,  fo llo w e d  b y  r a d io th e r a p y  a n d  
ch e m o th e ra p y . A lth o u g h  th e  v a lu e  o f  su rg ic a l re s e c tio n  o n  s u rv iv a l  is  a n  im p o r ta n t  
c o n tr ib u tio n  to  t r e a tm e n t  (L acro ix  e t a l., 2001), th e  tu m o u r  v o lu m e  c a n n o t  b e  c o m ­
p le te ly  re m o v e d  s u rg ic a lly  g iv e n  th e  h ig h ly  in f iltra tiv e  n a tu r e  o f G B M  (A s th a g ir i  e t  a l.,
2007). In  r e c e n t y e a rs , a u x i l ia ry  te c h n iq u e s  su c h  a s  in tr a -o p e ra tiv e  M R I-g u id e d  in ­
tr a c ra n ia l  s u r g e r y  a n d  f lu o re sc e n c e -g u id e d  s u r g e r y  w i th  5 -a m in o le v u lin ic  a c id  h a v e  
b e e n  u s e d  to  im p ro v e  b o th  th e  sa fe ty  a n d  th e  e x te n t  o f  tu m o u r  re s e c tio n  (K u b b e n  
e t al., 2011; P a n c ia n i e t  a l., 2012).
B e sid e  su rg e ry , r a d io th e r a p y  is  th e  m o s t  v a lu a b le  p o s t-o p e ra tiv e  t r e a tm e n t  w i th  th e  
a d d i t io n  o f  c h e m o th e ra p y  d e m o n s tr a t in g  o n ly  l i t t le  b e n e f it  u n t i l  recen tly . I n  2005, 
a  r a n d o m is e d  p h a s e  III t r ia l  c o n d u c te d  b y  th e  E O R T C -N C IC  c o n f irm e d  th e  b e n e f i t  
o f T M Z  a n d  h a s  d e f in e d  c o n c o m ita n t r a d io th e r a p y  a n d  c h e m o th e ra p y  fo llo w e d  b y  
a d ju v a n t  c h e m o th e ra p y  w i th  T M Z  a s  th e  c u r r e n t  s ta n d a r d  o f  c a re  fo r  th e  t r e a tm e n t  
o f p a t ie n ts  w i th  G B M . R a d io th e ra p y , c h e m o th e ra p y , a n d  th e ir  c o m b in a t io n , w il l  b e  
d e s c r ib e d  in  d e ta il  la te r  in  th is  c h a p te r  (S ec tio n s  2.3 a n d  2.4).
2.2.5 O ther investigational therapies
In  re c e n t y e a rs , th e  b e t te r  u n d e r s ta n d in g  o f  G B M  p a th o g e n e s is  h a s  t r a n s la te d  in  th e  
d e v e lo p m e n t o f a  v a r ie ty  o f a p p ro a c h e s . T h e  fo llo w in g  is  a  s u m m a r y  o f  th e  m a jo r  
in v e s tig a tio n a l t r e a tm e n t  a re as .
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M a lig n a n t g lio m a s  a re  a s so c ia te d  w i th  th e  d e re g u la t io n  o f g ro w th  fa c to r  s ig n a ll in g  
p a th w a y s ,  s u c h  a s  th e  a m p lif ic a tio n  o f th e  E G FR , VEGF.R a n d  P D G F R , a n d  th e  c o n s e ­
q u e n t  a c tiv a tio n  o f  th e  R a s -m ito g e n -a c tiv a te d  p r o te in  k in a s e  (M A PK ) p a th w a y  (m a in ly  
re s p o n s ib le  fo r  ce ll p ro life ra tio n )  a n d  th e  p h o s p h a t i ld y l in o s i to l  3 -k in a se  (P l3 K )-A k t- 
m a m m a lia n  ta rg e t  o f  r a p a m y c in  (m T O R ) p a th w a y  ( im p lic a te d  in  th e  in h ib i t io n  o f  ce ll 
a p o p to s is ) .  T h e se  re c e p to rs  a re  th e re fo re  r a t io n a l  ta rg e ts  in  th e  t r e a tm e n t  o f  G B M . U n ­
fo rtu n a te ly , th e  re s u lts  u s in g  E G FR , P D G F R , m T O R  in h ib i to r s  as s in g le  a g e n ts  h a v e  
b e e n  d is a p p o in t in g  (M e llin g h o ff  e t  a l., 2005; W en  a n d  K esa ri, 2008).
C u r r e n t  p h a s e  I-II c lin ic a l tr ia ls  a re  a s se s s in g  th e  s a fe ty  a n d  efficacy  o f  fa rn e s y l  t r a n s ­
fe ra se  (i.e. a n  im p o r ta n t  e n z y m e  re g u la to r  o f  R a s /M A P K )  in h ib i to r s  (A rk o  e t  a l., 2010).
G B M  re lie s  o n  m u lt ip le  a b e r ra n t  s ig n a ll in g  p a th w a y s ,  th e re fo re  n e w e r  a g e n ts  n o w  te n d  
to  in h ib i t  m u lt ip le  ta rg e ts  (e .g .V E G F R  a n d  P D G F R , E G FR  a n d  m T O R ) a n d  a re  c o m ­
b in e d  w i th  s ta n d a r d  c h e m o -ra d io th e ra p y .
A n o th e r  n o v e l a p p r o a c h  is  th e  u s e  o f c o n d i t io n a lly  re p lic a t in g  v iru s e s , w h ic h  a p p e a r  
to  re p lic a te  m o re  e ff ic ien tly  in  r a p id ly  d iv id in g  ce lls , fo r  th e  in d u c t io n  o f o n c o ly tic  
ac tiv ity . M o s t o f th e s e  v ir a l  v e c to rs  a re  b a s e d  o n  h e r p e s  s im p le x  v iru s ,  a d e n o v ir u s  o r  
r e o v iru s  (C h io cca , 2002). In  th e ir  n o n  r e p lic a t in g  fo rm , th e s e  v iru s e s  c a n  b e  u s e d  in  
g e n e  th e ra p y  to  d e liv e r  t r a n s g e n e s , s u c h  a s  th o s e  e x p re s s in g  a n t ic a n c e r  p r o te in s  (e.g .
P 5 3 )  o r  im m u n e  m o d u la t in g  p ro te in s  (e.g . h u m a n  in te r fe ro n -13) (C h io cca  e t  a l., 2008).
T a rg e tin g  c a n c e r  ce lls  w i th  im m u n o to x in s  r e p re s e n ts  a n  a l te rn a t iv e  a p p ro a c h . Im - 
m u n o to x in s  a re  c o m p o s e d  o f  a  l ig a n d  o r  a n t ib o d y  a n d  tr u n c a te d  b a c te r ia l  to x in s . O n e  
o f  th e  m o s t  p r o m is in g  ta rg e ts  is  in te r le u k in -1 3  (IL-13) re c e p to r  a n d  th e  re la t iv e  d e v e l­
o p e d  to x in  c o m p o s e d  o f IL-13 l ig a n d  a n d  P E 3 8 Q Q R , a  m u ta te d  fo rm  o f  p s e u d o m o n a s  
e x o to x in  (Josh i e t  a l., 2000).
R ecen tly , th e  u s e  o f m o n o c lo n a l a n t ib o d ie s  h a s  a p p e a r e d  to  b e  a  p r o m is in g  th e r a p e u ­
tic  o p t io n  a s  i l lu s tr a te d  b y  th e  n u m b e r  o f  e x is tin g  c lin ic a l tr ia ls . B e v a c iz u m a b  ( t ra d e  
n a m e  A v astin ), a  n e u tra l iz in g  m o n o c lo n a l a n t ib o d y  a g a in s t  VEGF, h a s  s h o w n  e n c o u r ­
a g in g  r e s p o n s e  ra te s  a lo n e  o r  in  c o m b in a t io n  w i th  i r in o te c a n  (C lo u g h e sy  e t  a l., 2008; 
V re d e n b u rg h  e t  a l., 2007). S ev e ra l o n g o in g  p h a s e  III tr ia ls  o f  s ta n d a r d  r a d io th e r a p y  
w i th  c o n c u r re n t  a n d  a d ju v a n t T M Z  p lu s  b e v a c iz u m a b  w ill  c la r ify  th e  ro le  o f  b e v a ­
c iz u m a b  a s  a  f irs t- l in e  t r e a tm e n t  fo r  G B M  (R TO G  0825 a n d  B O 21990 tr ia ls ; s e e  T ab le  
2.2.1).
V ac c in a tio n  s tra te g ie s ,  w h ic h  th e o re tic a lly  a c tiv a te  th e  im m u n e  s y s te m  to  ta rg e t  
G B M -specific  a n tig e n s , a re  a lso  in  d e v e lo p m e n t. A n  E G F R  v a r ia n t  I l l - ta r g e te d  v a c ­
c in e  h a s  s h o w n  p ro m is in g  r e s u lts  a n d  c u r re n t ly  a  p h a s e  III s tu d y  w i th  r in d o p e p im u t  
( tra d e  n a m e  C D X -10) is  u n d e r w a y  (C e lld ex  T h e ra p e u tic s  tr ia l; se e  T able 2.2.1). I n  th e
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U K , a  p h a s e  I  c lin ic a l tr ia l  is  p r e s e n t ly  a s se s s in g  th e  s a fe ty  a n d  to le ra b il i ty  o f  a  m u lt i-  
a n t ig e n  v a c c in e  (IM A 950) p lu s  th e  g r a n u lo c y te /m a c ro p h a g e  c o lo n y  s t im u la t in g  fa c to r  
(G M -C SF) in  c o m b in a t io n  w i th  s ta n d a r d  c h e m o - ra d io th e ra p y  (h t t p : / /c l in ic a l tr ia ls .g o v ; 
Id e n tif ie r : N C T 01222221). T h e  p a ra lle l  u s e  o f  G M -C S F  s h o u ld  in c re a se  th e  im m u n e  
s y s te m  re s p o n s e  a n d  th e  p ro d u c t io n  o f  w h ite  b lo o d  cells.
T able 2.2.1.: S e le c te d  o n g o in g  p h a s e  III-IV  tr ia ls  in  n e w ly  d ia g n o s e d  G B M  f ro m  
h t tp : / /c l in ic a l t r i a ls .g o v . T M Z /R T  =  s ta n d a r d  c h e m o - ra d io th e ra p y  t r e a t­
m e n t  fo r  G B M ; O S =  o v e ra ll su rv iv a l ;  P FS  =  p ro g re s s io n - fre e  su rv iv a l ;  IV  
= in tra v e n o u s  d o se ; ID  =  in t r a d e r m a l  d o se .
Trial
(sponsor)
Investigational
arms
No. of 
patients
Primary
endpoints
RTOG 0525/ 
EORTC 26052-22053
1. TMZ/RT with conventional adjuvant TMZ 
(150-200 m g / i r P  1-5 day of 28-day cycle 6 cycles)
2. TMZ/RT with experimental adjuvant TMZ 
(100 mg/m^ 1-21 day of 28 day cycle 6 cycles)
834
(completed)
OS
King Faisal 
Specialist Hospital 
& Research Center
1. TMZ/RT with conventional adjuvant TMZ 
(1-5 day of 28-day cycle 6 cycles)
2. TMZ/RT with experimental adjuvant TMZ 
(1-21 day of 28 day cycle 6 cycles)
1153
(completed)
Safety and 
efficacy
EORTC 26071- 
22072 (EMD Serono)
1. TMZ/RT
2. TMZ/RT + dlengitide 
(2000 mg IV twice weekly)
504 
(ongoing but 
not recruiting)
OS
RTOG 0825 
(NCI)
1. TMZ/RT
2. TMZ/RT + bevacizumab 
(10 m g/kg IV every 2 weeks)
942
(recruiting)
OS, PFS
BO21990
(Hof£mann-La Roche)
1. TMZ/RT
2. TMZ/RT + bevacizumab 
(10 m g/kg TV every 2 weeks)
652 
(ongoing but 
not recruiting)
OS, PFS
Celldex
Therapeutics
1. Rindopepimut (500 mcg)/GM-CSF (150 meg) 
(two ID two weeks apart followed by monthly ID) 
+ conventional adjuvant TMZ
2. KLH (two 100 meg ID two weeks apart followed 
by monthly ID) + conventional adjuvant TMZ
440
(recruiting)
OS
2.3 R A D IO T H E R A P Y
R a d io th e ra p y  h a s  b e e n  th e  p r in c ip le  p o s t-o p e ra tiv e  t r e a tm e n t  m o d a l i ty  fo r  p a t ie n ts  
w i th  G B M  sin c e  th e  la te  1970s (W alk er e t  a l., 19 7 8 ,1 9 7 9 ). To d a te ,  th e  d a ta  r e p o r te d  b y  
W a lk e r  e t  a l. a re  s till v a lid , w h ic h  s h o w  th e  im p o r ta n c e  o f  d o s e  e s c a la tio n  o n  tu m o u r  
c o n tro l a n d  d e f in e  a  to ta l  d o se  o f  60 G y  in  d a i ly  s in g le  f ra c tio n s  o f 2 G y  a s  th e  g o ld  
s ta n d a rd .
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T h e re  a re  s till m a n y  e ffo rts  to  in te n s ify  th e  lo ca l d o s e  o f ra d ia t io n  in c lu d in g  th e  u se  
o f a l te rn a t iv e  s tra te g ie s  to  d e liv e r  r a d io th e r a p y  (b ra c h y th e ra p y , ra d io a c tiv e  se e d s , r a d i ­
o la b e lle d  a n t ib o d ie s , s te re o ta c tic  r a d io s u r g e ry  a n d  ra d io th e ra p y ) ,  th e  u s e  o f r a d io s e n ­
s it iz e rs  a n d  d if fe re n t d o se  f ra c tio n a tio n  s c h e d u le s  (h y p e r f ra c tio n a te d  a n d  a c c e le ra te d  
ra d io th e ra p y , a n d  th e  c o m b in a t io n  w ith  s te re o ta c tic  ra d ia t io n  b o o s ts ). To d a te ,  n o n e  of 
th e s e  te c h n iq u e s  h a s  b e e n  s h o w n  to  b e  s u p e r io r  to  c o n v e n tio n a l ra d io th e ra p y .
N o w a d a y s , c o n v e n tio n a l r a d io th e r a p y  is  u s u a l ly  d e l iv e re d  w ith  3D  c o n fo rm a i (CRT) 
te c h n iq u e s . In te n s i ty -m o d u la te d  r a d io th e r a p y  (IM RT) is  a  d e v e lo p m e n t o f C R T  th a t  
a llo w s  a n  in c re a se d  c o n fo rm a lity  a r o u n d  th e  ta rg e t  a n d  b e t te r  s p a r in g  o f o rg a n s  a t  r is k  
(O A R s). I t  is  n o te w o r th y  th a t  a l th o u g h  n o  p ro sp e c tiv e , r a n d o m is e d  c lin ic a l s tu d ie s  
h a v e  c o m p a re d  th e  tw o  te c h n iq u e s , IM R T is b e c o m in g  w id e ly  u s e d  (H o sk in , 2006).
2.3.1 Dose-response relationship and dose escalation
C e n tra l  to  th e  d e v e lo p m e n t o f th e se  te c h n iq u e s  h a s  b e e n  th e  p re m is e  th a t  t r e a tm e n t  
re s p o n s e  c a n  b e  im p ro v e d  as  th e  d o s e  o f r a d ia t io n  to  th e  tu m o u r  is  e s c a la te d . A  
d o s e - re s p o n s e  re la t io n s h ip  in  th e  t r e a tm e n t  o f G B M  w a s  e s ta b l is h e d  th r o u g h  th e  B ra in  
T u m o u r  S tu d y  G ro u p  (BTSG) c lin ica l tr ia ls  c o n d u c te d  b y  W alk e r e t al. A  re tro s p e c tiv e  
a n a ly s is  o f th e se  tr ia ls  d e m o n s tr a te d  th a t  p a t ie n ts  re c e iv in g  60 G y  h a d  s ig n if ic a n tly  
lo n g e r  m e d ia n  su rv iv a l  c o m p a re d  to  th o s e  re c e iv in g  lo w e r  d o se s  (Fig. 2.3.1).
70 
60 
$ 5 0  
-  40
TO
.>
£  303
(f)
20
/  25th percentile
Median
0.004
"0.110
1.174
75th percentile
45 50 55 60 65
D o se  [Gy]
F ig u re  2.3.1.: D o se -re sp o n se  re la t io n s h ip  in  G B M  sh o w in g  th e  m e d ia n  s u rv iv a l  o f p a ­
tie n ts  re c e iv in g  n o  r a d io th e r a p y  o r  le ss  th a n  45 G y  (o p e n  c irc les), a n d  50, 
55, o r  60 G y  (filled  circ les) as w e ll as su rv iv a l  a t  th e  2 5 th  a n d  7 5 th  p e r ­
ce n tile  a n d  th e  G e h a n -W ilc o x o n  te s t p -v a lu e s  fo r  s ta tis t ic a l s ig n ific an c e . 
A d a p te d  f ro m  W alk e r e t al. (1979).
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B a se d  o n  th e s e  d a ta ,  o n e  m a y  h y p o th e s iz e  th a t  d o s e  e s c a la tio n  b e y o n d  th e  c o n v e n ­
tio n a l  60 G y  m a y  im p ro v e  G B M  o u tc o m e . S a la z a r  e t  a l. (1979) e x p lo re d  d o s e s  u p  to  
80 G y  in  100 p a t ie n ts  w i th  m a lig n a n t  g lio m a s , o f  th o s e  59 w ith  G B M . M e d ia n  s u rv iv a l  
w a s  s im ila r  to  th e  re tro s p e c tiv e  c o n tro l g ro u p  w i th  d o se s  b e tw e e n  50 a n d  65 Gy. T h e  
p a t te r n  o f  fa i lu re  w a s  p r e d o m in a n t ly  lo ca l (w ith in  th e  h ig h -d o s e  re g io n ) . L ik e w ise , a  
m u lt i-c e n tre  tr ia l  c o n d u c te d  b y  th e  R a d ia tio n  T h e ra p y  O n c o lo g y  G ro u p  (R TO G ) a n d  
th e  E a s te rn  C o o p e ra tiv e  O n c o lo g y  G ro u p  (E C O G ) fa ile d  to  d e m o n s tr a te  a  s u rv iv a l  b e n ­
efit w i th  d o se s  g re a te r  th a n  60 Gy. T h e  m e d ia n  s u rv iv a l  t im e s  fo r  th e  60 a n d  70 G y  
a rm s  w e re  9.3 a n d  8.2 m o n th s ,  r e sp e c tiv e ly  (N e lso n  e t  a l., 1988).
H y p e r f ra c tio n a tio n ,  b ra c h y th e ra p y , s te re o ta c tic  r a d io s u r g e ry  a n d  r a d io th e r a p y  h a v e  
n o t  d e m o n s tr a te d  a  s ta tis t ic a lly  s ig n if ic a n t im p ro v e m e n t in  s u rv iv a l .  H y p e r f r a c t io n a ­
t io n  re fe rs  to  th e  u s e  o f a  la rg e r  n u m b e r  o f s m a lle r  d o se s  p e r  f ra c tio n  to  e n a b le  th e  
d e l iv e ry  o f a  h ig h e r  to ta l  d o se . N o rm a l  ce lls  a re  b e t te r  a b le  to  r e p a ir  s u b le th a l  d a m a g e , 
c o n s e q u e n tly  la te  to x ic ity  is  re d u c e d .  T h e  la rg e s t  tr ia l  o n  h y p e r f ra c t io n a t io n  (72 G y  in  
60 fra c tio n s)  r e p o r te d  n o  s ta tis t ic a lly  s ig n if ic a n t s u rv iv a l  b e n e f it  fo r  h y p e r f ra c t io n a te d  
r a d io th e r a p y  c o m p a re d  w i th  c o n v e n tio n a l ra d io th e ra p y . T h e  m e d ia n  s u r v iv a l  w a s  49 
w k s  fo r  h y p e r f ra c t io n a te d  r a d io th e r a p y  v e r s u s  44 w k s  fo r  th e  s ta n d a r d  r a d io th e r a p y  
a r m  (S co tt e t  a l., 1998).
B ra c h y th e ra p y  in v o lv e s  th e  p la c e m e n t o f ra d io a c tiv e  s e e d s  (e.g . io d in e -1 2 5 , I-125, 
a n d  ir id iu m -1 9 2 , lr-192) in  o r  n e a r  th e  tu m o u r  to  d e liv e r  h ig h  d o se s  (> 60 G y) o f  
r a d ia t io n  w h ile  m in im iz in g  e x p o s u re  to  th e  s u r r o u n d in g  n o r m a l  t is su e s . L a p e rr ie re  
e t  al. (1998) r e p o r te d  th a t  b r a c h y th e r a p y  w i th  I-125 im p la n ts  d id  n o t  im p ro v e  s u r v iv a l  
o v e r c o n v e n tio n a l e x te rn a l  b e a m  r a d io th e r a p y  to  50 G y  (m e d ia n  su rv iv a l ,  13.8 m o n th s  
v e r s u s  13.2 m o n th s ,  re sp e c tiv e ly ) . S im ila rly , th e  B TC G  tr ia l  87-01 in v e s tig a te d  th e  e ffec t 
o f  I-125 se e d s  a n d  c o n c lu d e d  th a t  th e re  w a s  n o  a d d i t io n a l  a d v a n ta g e  o v e r  c o n v e n tio n a l 
r a d io th e r a p y  c o n tro ls  (S e lk er e t  a l., 2002).
S te re o ta c tic  r a d io s u r g e ry  a n d  r a d io th e r a p y  re fe rs  to  th e  d e l iv e ry  o f a  s in g le  f ra c tio n  
a rid  m u lt ip le  f ra c tio n s  o f  ra d ia t io n ,  re sp e c tiv e ly , u s in g  s te re o ta c tic  te c h n iq u e s  th a t  r e ly  
o n  3 D  lo c a lis a tio n  o f  th e  tu m o u r  w i th  im m o b ilis a t io n  d e v ic e s . S o u h a m i e t  al. (2004) 
r e p o r te d  n o  s ig n if ic a n t d if fe re n c e  in  m e d ia n  s u rv iv a l  in  p a t ie n ts  w i th  G B M  w h o  w e re  
t r e a te d  w i th  a d d i t io n a l  s te re o ta c tic  r a d io s u rg e ry  fo llo w e d  b y  e x te rn a l  b e a m  r a d io th e r ­
a p y  p lu s  B C N U  c h e m o th e ra p y  c o m p a re d  to  c o n v e n tio n a l e x te rn a l  b e a m  r a d io th e r a p y  
p lu s  B C N U  (m e d ia n  su rv iv a l ,  13.5 m o n th s  v e rs u s  13.6 m o n th s ) .  T h e  R T O G  0023 tr ia l  
s h o w e d  n e g a tiv e  r e s u lts  fo r  s te re o ta c tic  r a d io th e r a p y  w i th  d o sé s  u p  to  70-78 G y  (C a r­
d in a le  e t  a l., 2006).
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2.3.2 Resistance to radiotherapy
D e sp ite  h ig h e r  d o se s  o f r a d ia t io n ,  i t  is  s ti ll  l ik e ly  th a t  th e  tu m o u r  w ill  r e c u r  w i th in  th e  
h ig h -d o s e  re g io n . T h is  h a s  r a is e d  se v e ra l q u e s tio n s  a b o u t  w h e th e r  lo c a l fa i lu re  is  th e  
c o n s e q u e n c e  o f  o n e  o r  m o re  o f  th e  fo llo w in g  asp ec ts :
i. Inna te  G B M  radioresistance. I t  is  w e ll d o c u m e n te d  th a t  G B M  r a d io re s is ta n c e  is  
v e ry  h ig h . T u m o u r  h y p o x ia  a n d  c h a n g e s  in  th e  D N A  r e p a i r  a re  b e l ie v e d  to  c o n ­
tr ib u te  to  G B M  re s is ta n c e  to  r a d ia t io n .  In  th e  p re s e n c e  o f  o x y g e n , th e  D N A  
d a m a g e  p r o d u c e d  b y  fre e  ra d ic a ls ,  w h ic h  o c c u r  p r im a r i ly  a f te r  th e  in te ra c t io n  o f 
r a d ia t io n  w i th  in tr a c e l lu la r  w a te r , c a n  b e  fix ed . T h is  p h e n o m e n o n  is  a lso  r e fe r re d  
to  a s  th e  'o x y g e n -fix a tio n  h y p o th e s is '.  I n d e e d , h y p o x ic  ce lls  a re  2.5-3 t im e s  m o re  
r a d io r e s is ta n t  th a n  ce lls  u n d e r  n o rm o x ic  c o n d it io n s  (Jo in er a n d  v a n  d e r  K o g e l,
2009). A d d itio n a lly , h y p o x ia  c a n  in d u c e  g e n e tic  a l te ra t io n s , v a s c u la tu re  fo rm a ­
tio n  a n d  m e ta b o lic  c h a n g e s . H y p o x ia  is  c o n s id e re d  to  in c re a se  th e  e x p re s s io n  o f  
h y p o x ia - in d u c e d  fa c to r  10c ( H lF - ia ) .  In  tu rn ,  H l F - i a  in d u c e s  t r a n s c r ip t io n  o f  v a r ­
io u s  g e n e s  in v o lv e d  in  tu m o u r  a n g io g e n e s is ,  r e s u l t in g  in  u p re g u la t io n  o f  VEGF, 
a n d  g lu c o se  m e ta b o l is m  (K a u r  e t  a l., 2005).
ii. Targeting o f  the tum our. In  ro u t in e  c lin ic a l p ra c tic e , r a d io th e r a p y  t r e a tm e n t  p la n ­
n in g  is  b a s e d  o n  tu m o u r  v o lu m e s  d e te rm in e d  o n  p re -  o r  p o s t-o p e ra tiv e  M R I d a ta . 
D u r in g  th e  t im e  in te rv a l  b e tw e e n  s u r g e r y  a n d  r a d io th e r a p y  c o m m e n c e m e n t (u p  
to  5 w k s)  a n d  d u r in g  th e  c o u rse  o f th e  t r e a tm e n t  (u p  to  12 w k s)  th e s e  v o lu m e s  
m a y  c h a n g e . A s a  c o n s e q u e n c e , g e o g ra p h ic  m is s  o f  th e  tu m o u r  m a y  occur. T h e  
p re s e n c e  o f v ia b le  c lo n o g e n s  o u ts id e  th e  t r e a tm e n t  r e g io n  m ig h t  b e  th e  s o u rc e  o f 
re la p se .
M o reo v e r, M R I m a y  n o t  b e  th e  m o s t  re lia b le  te c h n iq u e  fo r  d e te r m in in g  th e  e x te n t  
o f  th e  tu m o u r . R ecen tly , se v e ra l s tu d ie s  h a v e  e v a lu a te d  th e  u s e  o f  M R S, P E T  
a n d  S PE C T  b a s e d  o n  a m in o  a c id  tra c e rs  a n d  s u g g e s te d  th a t  s ta n d a r d  M R I m a y  
p a r t ia l ly  m is s  re g io n s  o f m e ta b o lic a lly  a c tiv e  tu m o u r  (G ro su  e t  a l., 2002, 2011; 
M a n o n  e t al., 2004). M id - tr e a tm e n t im a g in g  a n d  in c o rp o r a t io n  o f  M R S  a n d  P E T  
d a ta  in to  th e  t r e a tm e n t  p la n n in g  m a y  h a v e  th e  p o te n t ia l  to  im p ro v e  th e  d e f in i t io n  
o f th e  ta rg e t  v o lu m e . In  p r in c ip le , to  i r r a d ia te  th e  in v is ib le  in f i l t ra t in g  c o m p o n e n t  
o f th e  tu m o u r ,  i t  is  p o s s ib le  to  u s e  w h o le  b r a in  ra d io th e ra p y . H o w ev er, i ts  u s e  
h a s  b e e n  h is to r ic a l ly  lim ite d  b e c a u s e  o f d o s e -c o n s tra in ts  d u e  to  to x ic ity  c o n c e rn s  
(L a w re n c e  e t  a l., 2010).
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iii. D ose-volum e side effects. R a d io th e ra p y  h a s  lo n g  b e e n  re c o g n iz e d  to  c a u s e  d e le ­
te r io u s  s id e  effec ts  to  th e  b ra in ,  w ith  e v id e n c e  o f  n e c ro s is  a n d  n e u ro c o g n it iv e  
d y s fu n c tio n s . A c u te  s id e  e ffec ts  in c lu d e  n a u s e a ,  v o m it in g , a n d  so m e  d e g re e  o f 
sc a lp  d e s q u a m a tio n  a n d  e ry th e m a . L a te  s id e  effec ts , w h ic h  m a y  o c c u r  m o n th s  
o r  y e a rs  a f te r  r a d io th e r a p y  c o m p le tio n , r e p r e s e n t  a  s ig n if ic a n t so u rc e  o f p h y s ic a l  
a n d  c o g n itiv e  m o rb id it ie s .  H o w ev er, th e re  is  lit t le  e v id e n c e  o n  n e u ro c o g n it iv e  
d e c lin e  b e c a u s e  th e  s h o r t  m e d ia n  s u rv iv a l  t im e  o f  G B M , ju s t  ab o v e  o n e  y ea r, is  
n o t  a  lo n g  e n o u g h  p e r io d  fo r  th e  d e v e lo p m e n t  o f  la te  c o m p lic a tio n s  (L a w re n c e  
e t  a l., 2010). T h e  in c id e n c e  o f r a d ia t io n - in d u c e d  n e c ro s is  h a s  b e e n  s tu d ie d  m o re  
th r o u g h  th e  u s e  o f s e q u e n tia l  im a g in g  a n d  b io p sy . R a d ia tio n  n e c ro s is  is  n o t  
c o m m o n ly  e n c o u n te re d  w h e n  th e  to ta l  d o s e  is  k e p t  b e lo w  60 Gy. F o r  a l te r e d  f ra c ­
t io n a t io n  re g im e n s , th e  in c id e n c e  o f s id e  e ffec ts  in c re a se s  a n d  d ire c tly  c o rre la te s  
w i th  th e  to ta l  d o s e  a n d  f ra c tio n  s ize . A  p h a s e  1-11 tr ia l  (R TO G  83-02), w h ic h  in ­
v e s tig a te d  d o s e s  u p  to  81.4 G y  in  f ra c tio n s  o f  1.2 G y, r e p o r te d  a  d ire c t  c o r re la t io n  
b e tw e e n  w h ite  m a t te r  in ju ry  a n d  d o s e  e sc a la tio n . W h ite  m a tte r  c h a n g e s  w e re  s u b ­
s e q u e n tly  c o r re la te d  w i th  n e u ro lo g ic  s ta tu s  a n d  p o s s ib le  n e c ro s is  (N e lso n  e t  al.,
1 9 9 3 )-
O v e ra ll, r a d ia t io n - re la te d  to x ic ity  is  o f te n  u n d e r - r e p o r te d  (T ro tti a n d  B e n tz e n ,
2004). T h e  r e c e n t e ffo rt o f  th e  Q u a n ti ta t iv e  A n a ly s is  o f  N o rm a l  T issu e  E ffec ts in  
th e  C lin ic  (Q U A N T E C ) to  s u m m a r iz e  th e  av a ila b le  d o s e -v o lu m e  /  o u tc o m e  d a ta  
w ill  p ro v id e  a  p ra c tic a l g u id a n c e  fo r  re c o rd in g  to x ic ity  b a s e d  o n  d o s e -v o lu m e  
p a r a m e te r s  a n d  m a y  r e d u c e  n o r m a l  t is s u e  r a d ia t io n  e x p o s u re s  (B e n tz e n  e t  a l.,
2010).
2.3.3 Particle therapy
P a r tic le  th e ra p y  is  a  ra d io th e ra p e u tic  m o d a li ty  th a t  e m p lo y s  c h a rg e d  p a r t ic le s  a s  o p ­
p o s e d  to  c o n v e n tio n a l p h o to n s .  T h e se  p a r tic le s , s u c h  a s  p r o to n s  o r  h e a v ie r  io n s , h a v e  
th e  a d v a n ta g e s  o f a  b e t te r  p h y s ic a l  d o s e  d is t r ib u t io n ,  a  m a rk e d ly  in c re a s e d  b io lo g ic a l 
e ffec tiv e n ess  (fo r p a r t ic le s  h e a v ie r  th a n  p ro to n s )  a n d  a  lo w e r  d e p e n d e n c e  o n  o x y g e n  
fo r  ce ll k illin g .
In  th e  la te  1940s, R o b e r t W ilso n  f ro m  B e rk ley  a n a ly s e d  th e  d o s e  p ro f ile  o f  p r o to n s  
a n d  p r o p o s e d  th e ir  u s e  to  t r e a t  p a t ie n ts  w i th  cancer. S in ce  th e n , th e  in te r e s t  in  p a r t ic le  
th e ra p y  h a s  in c re a s e d  a n d  to d a y  th e re  a re  a b o u t  30  o p e ra t io n a l  p a r t ic le  th e ra p y  fac il­
i tie s  (m o s tly  p ro to n s )  a n d  a p p ro x im a te ly  65,000 t r e a te d  p a t ie n ts  w o r ld w id e  (P T C O G ,
2-3 R A D IO T H E R A P Y 19
2010). A n o th e r  23 fac ilitie s , 3 o f th e m  in  th e  U K , a re  in  th e  p la n n in g  o r  c o n s tru c tio n  
s ta g e  a t th e  t im e  o f w r i t in g  th is  d is s e r ta t io n .
The physical basis and the L E T  concept
A  p h o to n  b e a m  d o s e  p ro file  ex h ib its  m a x im a l e n e rg y  d e p o s it io n  in  th e  f irs t fe w  c e n ­
tim e tre s  o f t is s u e  fo llo w e d  b y  a n  e x p o n e n tia l  d r o p  w i th  d e p th .  U n lik e  p h o to n s ,  c h a rg e d  
p a r tic le s  d e p o s i t  lo w  lev e ls  o f e n e rg y  a s  th e y  p a s s  th r o u g h  th e  b o d y , fo llo w e d  b y  h ig h  
e n e rg y  d e p o s it io n  in  th e  B rag g  p e a k , a n d  v ir tu a l ly  n o  d o s e  b e y o n d  (Fig. 2.3.2). T h ese  
p h y s ic a l c h a ra c te r is tic s  c a n  re d u c e  d o s e  to  h e a l th y  tis s u e s  s u r ro u n d in g  th e  ta rg e t  a n d  
s p a re  n e ig h b o u r in g  O A R s (T obias e t a l., 1982).
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F ig u re  2.3.2.: D e p th -d o s e  d is t r ib u t io n  fo r  p h o to n s ,  a n d  m o n o -e n e rg e tic  p r o to n s  a n d  
c a rb o n  b e a m s . P h o to n s  a re  c h a ra c te r is e d  b y  a n  e x p o n e n tia l  d e c re a s e  o f 
th e  d o s e  w ith  in c re a s in g  d e p th .  In  c o n tra s t,  p ro to n s  o r  c a rb o n  io n s  d is ­
p o s e  o f a n  in v e rse  d o s e  p ro file  f o rm in g  a  s h a rp  m a x im u m , k n o w n  a s  th e  
B rag g  p e a k . T ak en  f ro m  F o k as  e t a l. (2009).
T h e  d e p th  a n d  th e  m a g n itu d e  o f th e  B rag g  p e a k  d e p e n d  o n  th e  io n  sp e c ie s  a n d  its  
en erg y . By m o d u la t in g  th e  en e rg y , it is th e re fo re  p o s s ib le  to  s p r e a d  o u t  th e  B rag g  
p e a k  (SO BP), w h ic h  is  n o rm a l ly  n a r ro w  a n d  s h a rp ,  in  o rd e r  to  c o n fo rm a b ly  t r e a t  th e  
ta rg e t  v o lu m e . T h e  SO B P is  b a s ic a lly  th e  r e s u l t  o f s u p e r im p o s i t io n  o f s in g le  B rag g  
p e a k s  a t  d if fe re n t en e rg ie s . T h is  c a n  b e  a c h ie v e d  b y  e i th e r  p a s s iv e  o r  ac tiv e  e n e rg y  
m o d u la tio n .  In  th e  f irs t case , th e  in it ia l e n e rg y  is f ix ed  a n d  its  v a r ia t io n  is a c h ie v e d  
b y  in s e r t in g  s c a tte r in g  m a te r ia ls  (e.g . r a n g e  sh ifte r, m o d u la to r  w h e e l o r  r id g e  f ilte r) , 
c o llim a to rs , a n d  c o m p e n s a to rs  in to  th e  b e a m  p a th .  In  th e  ac tiv e  e n e rg y  v a r ia t io n  case , 
th e  tu m o u r  v o lu m e  is  v ir tu a lly  d is s e c te d  in to  s lice s  o f e q u a l e n e rg y  a n d  th e  in it ia l  
e n e rg y  is  e le c tro n ic a lly  a d ju s te d  slice  b y  slice  b y  th e  ac ce le ra to r. A c tiv e  b e a m  s h a p in g
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h a s  th e  a d d i t io n a l  a d v a n ta g e  o f a  lo w e r  b e a m  f ra g m e n ta tio n  b e y o n d  th e  ta rg e t  v o lu m e  
(W e y ra th e r , 2004).
A n  im p o r ta n t  p h y s ic a l  p a r a m e te r  in  p a r t ic le  th e ra p y  is  th e  lin e a r  e n e rg y  tr a n s fe r  
(LET), w h ic h  d e f in e s  th e  a v e ra g e  e n e rg y  lo c a lly  im p a r te d  to  th e  m e d iu m  b y  a  p a r t ic le  
in  t ra v e rs in g  a  g iv e n  d is ta n c e  (u n it, k eV /  p m ). T h e  LET h a s  b e e n  m o s t ly  u s e d  a s  a  
m e a n s  to  r e p r e s e n t  th e  q u a l i ty  o f  d if fe re n t ty p e s  o f ra d ia t io n .  T y p ica l L E T  v a lu e s  a re  
2 k e V /p m  fo r  250 k V p  X -rays, 4 .7  k e V /p m  fo r  10 M eV  p r o to n s  a n d  166 k e V /p m  fo r
2.5 M eV  a lp h a  p a r tic le s . R a d ia tio n  a re  u s u a l ly  c la ss ified  a s  lo w  LET, s u c h  a s  X- a n d  
y - ra y s , a n d  h ig h  LET, s u c h  a s  h e a v y  io n s  a t  m o d e ra te  e n e rg ie s . F o r  a  g iv e n  io n  o f  a  
c e r ta in  a to m ic  n u m b e r ,  th e  L E T  a lso  d e s c r ib e s  th e  io n iz a t io n  d en s ity . T h u s , lo w -L E T  
ra d ia t io n  a re  s p a rs e ly  io n iz in g  a n d  h ig h -L E T  r a d ia t io n  a re  d e n s e ly  io n iz in g  Q^oiner a n d  
v a n  d e r  K o g el, 2009).
The biological basis
U n iq u e  to  p a r t ic le  th e ra p y  is  th e  in c re a s e d  b io lo g ic a l e ffec tiv e n ess  o v e r  c o n v e n tio n a l 
p h o to n  ra d io th e ra p y . W h e n  c o m p a r in g  d if fe re n t  r a d ia t io n  ty p e s , th e  e s t im a tio n  o f th e  
re la tiv e  b io lo g ic a l e ffic ien cy  (RBE) is  fu n d a m e n ta l .  T h e  RBE is d e f in e d  a s  th e  r a t io  o f 
th e  a b s o rb e d  d o s e  o f  a  re fe re n c e  r a d ia t io n  (D ^ef; i.e. 220-250 k V p  X -rays) o v e r th e  
d o s e  o f  a  r a d ia t io n  u n d e r  te s t  (D te s t;  e .g . h ig h -L E T  r a d ia tio n )  to  p r o d u c e  th e  s a m e  
b io lo g ic a l effec t, e x p lic itly
RBE =  D i- e f /D te s t  (2.1)
T h e  RBE is  n o t  a  c o n s ta n t  v a lu e  b u t  i t  d e p e n d s  o n  a  n u m b e r  o f fac to rs ;
i. Radiation qua lity  (LET). A s  th e  s e v e r ity  o f  th e  D N A  d a m a g e  d e p e n d s  o n  th e  lo c a l 
io n iz a t io n  d e n s ity , th e  RBE in c re a se s  w i th  in c re a s in g  L E T  u n t i l  i t  r e a c h e s  a  m a x i­
m u m  (Fig. 2.3.3). T h e  LET lo c a tio n  o f  th e  m a x im u m  v a lu e  s tro n g ly  d e p e n d s  o n  
th e  p a r t ic le  a to m ic  n u m b e r :  in  th e  r e g io n  o f 25 k e V /p m  fo r  p ro to n s ,  100 k eV /  p m  
fo r  a lp h a  p a r tic le s  a n d  200 k eV /  p m  fo r  c a rb o n  io n s  (F o k as e t  a l., 2009). A s  th e  
L E T  is  f u r th e r  in c re a se d , r a d ia t io n  is  le ss  e ff ic ien t a t  ce ll k ill in g  s in c e  v e ry  d e n s e ly  
io n iz in g  r a d ia t io n  d e p o s its  m o re  th a n  e n o u g h  io n iz in g  e v e n ts  in to  th e  ce ll, a n d  
h e n c e  th e re  is  a  w a s te  o f en e rg y . T h is  p h e n o m e n o n  is  k n o w n  a s  'o v e rk il l ' e ffec t 
a n d  le a d s  to  a  d e c re a s e  in  th e  RBE.
ii. Dose per fraction . T h e  RBE is  la rg e r  a t  lo w e r  r a d ia t io n  d o se s , w h ic h  a re  e q u iv a le n t  
to  le ss  b io lo g ic a l d a m a g e . T h is  is  d u e  to  th e  fa c t th a t  s u rv iv a l  c u rv e s  a re  c h a ra c ­
te r iz e d  b y  d if fe re n t sh a p e s . In  p a r tic u la r ,  th e  s u rv iv a l  c u rv e  fo r  X -ray s (re fe re n c e
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r a d ia tio n )  h a s  a  la rg e  in it ia l s h o u ld e r  th a t  is  le ss  o r  n o t  e v id e n t  a t  a ll fo r  h ig h -L E T  
ra d ia tio n .
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F ig u re  2.3.3.: RBE v e rs u s  LET fo r  h u m a n  cells . T h e  RBE rise s  to  a  m a x im u m  a t  a n  LET 
o f a b o u t  TOO k eV /  g m  a n d  th e n  fa lls  fo r  h ig h e r  LET v a lu e s . T ak e n  f ro m  
Jo in e r  a n d  v a n  d e r  K o g el (2009).
iii. Dose fractionation. A s  th e  RBE is la rg e r  fo r  s m a lle r  d o se s , th e  RBE fo r  a  f ra c tio n ­
a te d  s c h e d u le  w ith  h ig h -L E T  ra d ia t io n  w ill b e  g re a te r  th a n  th e  RBE fo r  a  s in g le  
e x p o s u re . T h is  a s p e c t is  im p o r ta n t  in  th e  e s ta b l is h m e n t o f th e  s iz e  p e r  f ra c tio n , 
th e  n u m b e r  o f fra c tio n s , th e  to ta l d o s e  a n d  th e  o v e ra ll t r e a tm e n t  tim e .
iv. Dose rate. T h e  d o se  ra te  ca n  in f lu e n c e  th e  r e s p o n s e  o f ce lls  to  low -L E T  r a d ia t io n  
d u e  to  th e  r e p a ir  o f  su b le th a l  d a m a g e  d u r in g  th e  e x p o s u re  tim e  a t  lo w -d o s e  ra te . 
H o w ev er, m o re  re c e n tly  S o re n se n  e t al. (2011) o b se rv e d  n o  effec t a t  h ig h -d o s e  
r a te  o n  ce ll s u rv iv a l  in  th e  r a n g e  o f 56.6-338 G y /s .
V. Biological system . T h e  s h a p e  o f th e  su rv iv a l  c u rv e  fo r  low -L E T  r a d ia t io n  v a r ie s  
s ig n if ic a n tly  a c c o rd in g  to  th e  c e l l / t i s s u e  ty p e  s tu d ie d .  T h is  h a s  c o n s e q u e n tly  a 
m a rk e d  in f lu e n c e  o n  th e  RBE v a lu e . H o w ev er, th e  r a n g e  o f ra d ia t io n  r e s p o n s e  fo r  
d if fe re n t cell ty p e s  is  r e d u c e d  w ith  h ig h -L E T  ra d ia t io n . In  g e n e ra l, th e  RBE v a lu e  
is  h ig h  fo r ce lls  th a t  e x h ib it  a  la rg e  in it ia l  s h o u ld e r  in  th e  X -ray  s u rv iv a l  c u rv e , 
d e m o n s tr a t in g  th a t  th e y  c a n  effic ien tly  a c c u m u la te  a n d  r e p a ir  s u b le th a l  d a m a g e . 
I t m ig h t  a lso  b e  e x p e c te d  th a t  if  n o rm a l ce lls  s h o w  lo w e r  RBE v a lu e s  th a n  tu m o u r  
ce lls , h ig h -L E T  ra d ia t io n  m a y  h av e  a fa v o u ra b le  th e ra p e u tic  g a in  factor.
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vi. O xygen  sta tus. A n  im p o r ta n t  a s p e c t is  th a t  h ig h -L E T  r a d ia t io n  a re  le ss  d e p e n d e n t  
o n  o x y g e n  lev e ls  a s  c o m p a re d  to  low -L E T  p h o to n s . P re v io u s  s tu d ie s  h a v e  sh o w n  
a n  o x y g e n  e n h a n c e m e n t ra tio  (O ER ) o f a p p ro x im a te ly  i  fo r h ig h -L E T  r a d ia t io n  
o f  a b o u t  200 k e V /p m ,  a s  c o m p a re d  to  X -rays, w h e re  th e  O E R  is  in s te a d  2.5-3 (Fig- 
2.3.4) (F o k as e t a l., 2009).
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E ig u re  2.3.4.: T h e  O E R  d e c re a s e s  w ith  in c re a s in g  LET. O p e n  tr ia n g le  re fe rs  to  250 k V p  
X -rays a n d  c lo se d  c irc les  to  m o n o e n e rg e tic  a lp h a  p a r tic le s  a n d  d e u te ro n s .  
T ak en  f ro m  Jo in e r  a n d  v a n  d e r  K o g e l (2009).
v ii. Cell cycle. T h e  effec t o f low -L E T  r a d ia t io n  is  s tro n g ly  d e p e n d e n t  o n  th e  ce ll cyc le  
p o s it io n . In  g e n e ra l, ce lls  a re  m o re  se n s itiv e  in  th e  m ito s is  (M ) a n d  s e c o n d  g a p  
(G2) p h a s e s , a n d  m o re  re s is ta n t  in  th e  la te  s y n th e s is  (S) p h a s e . T h is  d if fe re n c e  in  
r a d io s e n s it iv i ty  is  m u c h  le ss  e v id e n t  w i th  h ig h -L E T  r a d ia t io n  (W a m b e rs ie  e t  a l., 
2004).
Clinical applications in  G B M
T h e  th e ra p e u tic  lim its  o f c o n v e n tio n a l r a d io th e r a p y  w e re  d e s c r ib e d  ea rlie r. B a se d  o n  
th e  s u p e r io r  p h y s ic a l a n d  b io lo g ic a l p ro p e r t ie s  o f c h a rg e d  p a r tic le s  o v e r  c o n v e n tio n a l  
p h o to n s ,  th e  u se  o f  p a r tic le  th e ra p y  h a s  b e e n  s u g g e s te d  fo r  c lin ica l tr e a tm e n t.
N e u tro n s  w e re  th e  f irs t h ig h -L E T  r a d ia t io n  c lin ic a lly  in v e s tig a te d  o n  h ig h - g ra d e  
g lio m a s . H o w ev er, in  th e  e a r ly  1940s, a  n u m b e r  o f s tu d ie s  r e p o r te d  d is a p p o in t in g  
r e s u lts  a t t r ib u te d  to  th e  la ck  o f th e  B rag g  p e a k  in  th e  d o s e  d e p o s it io n  to g e th e r  w i th  
h ig h  a b s o rp t io n  in  n e u ra l  t is su e s  w ith  e le v a te d  h y d ro g e n  c o n te n t. T h e se  fa c to rs  le d  
to  in c re a se d  to x ic ity  to  n o rm a l  b ra in  tis su e s  d u e  to  th e  s p r e a d in g  o f  th e  h ig h -L E T  
c o m p o n e n t a lo n g  th e  w h o le  p a r tic le  ra n g e  (S to n e , 1948; W ilso n , 1946).
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L a te r  c lin ic a l s tu d ie s  a t  th e  U n iv e rs ity  o f  C a lifo rn ia  L a w re n c e  B e rk e le y  N a tio n a l  
L a b o ra to ry  (LB N L) in v e s tig a te d  th e  u s e  o f  o th e r  c h a rg e d  p a r tic le s  c h a ra c te r is e d  b y  a  
b e t te r  d o s e  d is tr ib u t io n .  A  g ro u p  o f  39 p a t ie n ts  w i th  g lio m a s , o f  w h ic h  17 p a t ie n ts  h a d  
p r im a r y  G B M , re c e iv e d  e i th e r  a lp h a  p a r t ic le s  a lo n e , o r  p h o to n  i r r a d ia t io n  w i th  e i th e r  
a lp h a  p a r t ic le s  o r  c a rb o n  o r  n e o n  io n s  a s  a  b o o s t,  o r  n e o n  io n s  a lo n e . T h e  m e d ia n  
s u rv iv a l  fo r  G B M  w a s  13.9 m o n th s  a n d  ra d io -n e c ro s is  o f  th e  b r a in  w a s  m in im a l  (C a s tro  
e t  a l., 1985). I t  is  n o te w o r th y  th a t  s in c e  th e  in it ia l  s tu d ie s  a t  L B N L  a  lo t  o f p r o g re s s  
h a s  b e e n  m a d e  in  im a g in g  tu m o u r  m o rp h o lo g y  a n d  fu n c tio n s , w h ic h  h a s  s ig n if ic a n tly  
im p ro v e d  ta rg e t  v o lu m e  d e l in e a tio n  (V o rd e rm a rk , 2011).
L a te r  o n  F itz e k  e t  a l. (1999) r e p o r te d  a  v e r y  lo w  lo ca l tu m o u r  re c u rre n c e  r a te  a n d  
a  m e d ia n  s u rv iv a l  o f  20 m o n th s  in  23 p a t ie n ts  w i th  G B M  a f te r  t r e a tm e n t  w i th  a  d o s e  
o f  90 G ra y  e q u iv a le n t  (G yE ) u s in g  a c c e le ra te d  f ra c tio n a te d  p r o to n  th e ra p y . H o w e v e r , 
d e s p i te  th e  le n g th e n e d  m e d ia n  s u rv iv a l ,  th is  d o s e  le d  to  a  v e ry  h ig h  r a te  o f r a d ia t io n  
n e c ro s is . H is to lo g ic a l e x a m in a tio n  o f  tis s u e s  o b ta in e d  a t  b io p sy , re se c tio n , o r  a u to p s y  
e s ta b l is h e d  r a d ia t io n  n e c ro s is  in  7 o u t  o f 15 p a t ie n ts .
M o re  recen tly , M iz o e  e t  a l. (2007) t r e a te d  48 p a t ie n ts  w i th  m a lig n a n t  g lio m a s , o f  
w h ic h  32 w e re  G B M , w i th  c a rb o n  io n  b o o s ts  (8 f r a c t i o n s /2 w ee k s)  a f te r  t r e a tm e n t  w i th  
c o m b in e d  r a d io th e r a p y  a n d  n im u s t in e  (A C N U ). T h e  to ta l  d o s e  w a s  in c re a s e d  f ro m  16.8 
to  24.8 G yE . N o  g r a d e  3 o r  h ig h e r  to x ic ity  w a s  o b s e rv e d  a n d  th e  m e d ia n  s u rv iv a l  t im e  
o f  G B M  p a t ie n ts  w a s  17 m o n th s  a n d  in c re a s e d  to  26 m o n th s  fo r  th e  h ig h -d o s e  t r e a tm e n t  
g ro u p . H o w ev er, th e  s tu d y  w a s  re la tiv e ly  s m a ll a n d  s ta n d a r d  T M Z  c h e m o th e ra p y  w a s  
n o t  a d m in is te re d .
A l th o u g h  so m e  c lin ic a l s tu d ie s  h a v e  b e e n  p u b lis h e d ,  n o  r a n d o m iz e d  c o n tro l le d  tr ia ls  
h a v e  b e e n  c a r r ie d  o u t  to  p r o v id e  h ig h  lev e l e v id e n c e  to  s u p p o r t  th e  u s e  o f  p a r t ic le  
th e ra p y  fo r  G B M  (M a u c o rt-B o u lc h  e t  a l., 2010).
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H is to ric a lly , th e  u s e  o f  c h e m o th e ra p y  a s  a  s ta n d a r d  p o s t-o p e ra tiv e  t r e a tm e n t  h a s  b e e n  
co n tro v e rs ia l. E a r ly  s tu d ie s  in  th e  1 9 7 0 - 1 9 9 0 S ,  u s in g  n itro s o u re a -b a s e d  c h e m o th e ra p y , 
r e p o r te d  o n ly  m a rg in a l  b e n e f it  (F ine  e t a l., 2 0 0 6 ) .  T h e  m o s t  s tu d ie d  c o m p o u n d s  w e re  
c a rm u s t in e  (B C N U ), lo m u s tin e  (C C N U ), v in c r is t in e  (VC R) a n d  th e ir  c o m b in a t io n  w i th  
p ro c a rb a z in e  (PC V ). T w o la rg e  s tu d ie s  c a r r ie d  b y  th e  BTSG re p o r te d  n o  s ig n if ic a n t 
d if fe re n c e  in  th e  su rv iv a l  b e tw e e n  th e  r a d io th e r a p y  a lo n e  a r m  a n d  th e  r a d io th e r a p y  
p lu s  B C N U  o r  C C N U  a rm s  (W alk er e t  a l., 1 9 7 8 , 1 9 8 0 ) .  S im ila rly , in  a  s tu d y  c o n d u c te d
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in  th e  U K  b y  th e  M e d ic a l R e se a rc h  C o u n c il (M R C ), th e  a d d i t io n  o f P C V  h a d  n o  s u b ­
s ta n tia l  a d v a n ta g e  o v e r r a d io th e r a p y  a lo n e . T h e  m e d ia n  su rv iv a l  w a s  9.5 m o n th s  fo r  
r a d io th e r a p y  a lo n e  a n d  10 m o n th s  fo r  r a d io th e ra p y  p lu s  P C V  (M .R .C .B .T ., 2001).
A s r e p o r te d  e a r lie r  in  th e  m a n u s c r ip t ,  in  2005, a n  in te rn a t io n a l  m u lt i-c e n tre  r a n ­
d o m is e d  p h a s e  III tr ia l  c o n d u c te d  b y  th e  E O R T C -N C IC  (tria l 26981-22981/C E .3 )  d e m o n ­
s tr a te d  th e  b e n e f it  o f a d d in g  c o n c u r re n t a n d  a d ju v a n t T M Z , a n  o ra l a lk y la t in g  a g e n t, 
to  r a d io th e r a p y  (S tu p p  e t al., 2005). T h e  m e d ia n  s u rv iv a l  w a s  12.1 m o n th s  w i th  r a d io ­
th e ra p y  a lo n e  a n d  14.6 m o n th s  w i th  r a d io th e r a p y  p lu s  T M Z , a  g a in  o f  2.5 m o n th s  (Eig. 
2.4.1a). M o re  im p o r ta n tly , th e  tw o -y e a r  s u rv iv a l  r a te  w a s  10.4%  in  p a t ie n ts  t r e a te d  
w ith  r a d io th e r a p y  a lo n e  a n d  26.5%  in  p a t ie n ts  a s s ig n e d  to  r a d io th e r a p y  p lu s  T M Z . 
T h is  r e s u l t  t r a n s la te s  in to  a  r e d u c t io n  in  th e  r isk  o f d e a th  o f 37%  fo r  p a t ie n ts  t r e a te d  
w ith  r a d io th e r a p y  p lu s  T M Z , a s  c o m p a re d  w i th  th o s e  w h o  re c e iv e d  r a d io th e r a p y  a lo n e  
(S tu p p  e t  al., 2005). T h is  h a s  b e e n  c o r ro b o ra te d  in  tw o  s e p a ra te  r a n d o m is e d  p h a s e  II 
s tu d ie s ,  w h ic h  r e p o r te d  m e d ia n  s u rv iv a l  ra te s  c o m p a ra b le  w i th  th e  E O R T C -N C IC  d a ta  
(A th a n a s s io u  e t  a l., 2005; C o m b s  e t al., 2005).
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F ig u re  2.4.1.: K a p la n -M e ie r  s u rv iv a l  e s tim a te s  a c c o rd in g  to  th e  tr e a tm e n t  g r o u p  (a) a n d  
th e  M G M T  p ro m o te r  m é th y la tio n  s ta tu s  (b) fo r  th e  E O R T C -N C IC  tr ia l 
26981-22981/C E .3 . T ak en  f ro m  S tu p p  e t al. (2005) a n d  H e g i e t  al. (2005).
A lth o u g h  th e  u s e  o f T M Z  h a s  im p ro v e d  o u tc o m e s  s ig n if ic a n tly  a n d  is  n o w  e s ta b ­
lis h e d  as  th e  s ta n d a r d  o f c a re  in  G B M , n o t  a ll th e  p a t ie n ts  b e n e f it  f ro m  th e  a d d i t io n  o f 
T M Z . H e g i e t  al. (2005) d e m o n s tr a te d  th a t  s ile n c in g  o f th e  M G M T , m e d ia te d  b y  g e n e  
p ro m o te r  m é th y la tio n , w a s  a n  in d e p e n d e n t  p ro g n o s tic  a n d  p re d ic t iv e  fa c to r  o f b e n e f it  
f ro m  T M Z  in  th e  E O R T C -N C IC  tr ia l  (Eig. 2 .4 .1b). T h e  M G M T  p r o m o te r  w a s  m e th y ­
la te d  in  44.7%  o f 206 e v a lu a te d  G B M  sp e c im e n s  f ro m  576 p a t ie n ts  e n ro lle d  in  th a t  
s tu d y . T h e  f re q u e n c y  o f M G M T  p ro m o te r  m é th y la tio n  v a r ie s  w id e ly  ac ro ss  c lin ic a l 
s tu d ie s  r a n g in g  f ro m  35%  to  73%  (v o n  D e im lin g  e t al., 2011).
2 .4  C H E M O T H E R A P Y  25
T h e  s u rv iv a l  a d v a n ta g e  o f  T M Z  w a s  m a in ta in e d  fo r  u p  to  5 y e a rs  o f  fo llo w -u p , h o w ­
ever, m o s t  p a t ie n ts  e v e n tu a lly  d e v e lo p e d  tu m o u r  re c u rre n c e  w i th in  a  fe w  c e n tim e tre s  
o f  th e  t r e a te d  s ite  r e s u l t in g  in  d e a th  (S tu p p  e t  a l., 2009).
2.4.1 T M Z , fro m  its d iscovery to the clinical developm ent
T h e  d is c o v e ry  o f te m o z o lo m id e  (T M Z ; b r a n d  n a m e s  T e m o d a l a n d  T e m o d a r)  c a m e  f ro m  
a n  e f fo rt to  id e n tify  a n  N -m e th y l a n a lo g u e  o f  m ito z o lo m id e  w i th  g re a te r  a n t i tu m o u r  
a c tiv ity  th a n  d e c a rb a z in e  (D T IC ) (S tev en s e t  a l., 1987). T M Z  is  c h e m ic a lly  c o m p o s e d  
b y  a n  im id a z o le  r in g  w ith  a n  a m id ic  g r o u p  b o u n d  to  C i  ( im id a z o le -c a rb o x a m id e )  c o n ­
d e n s e d  w i th  a  s e c o n d  te tr a z in o n e  r in g  s y s te m , th a t  c o n ta in s  th re e  a d ja c e n t n i t r o g e n  
a to m s  (Fig. 2.4.2).
CONH.
Me
F ig u re  2.4.2.: C h e m ic a l s t r u c tu re  o f  T M Z  c o m p o s e d  o f  a n  im id a z o le  r in g  c o n d e n s e d  
w i th  a  s e c o n d  te tr a z in o n e  r in g  sy s te m . T M Z  w a s  f irs t s y n th e t iz e d  b y  
R o b e r t S to n e  a t  A s to n  U n iv e rs ity  in  1984. T ak e n  f ro m  N e w la n d s  e t  al.
(1 9 9 7 )-
T h e  m a jo r  a d v a n ta g e  o f  T M Z  o v e r D T IC  w a s  in  i ts  a b ili ty  to  s p o n ta n e o u s ly  c o n v e r t  
j n t o  its  ac tiv e  m e ta b o li te  5 - (3 -m e th y l) i- t r ia z e n - i-y l- im id a z o le -4 -c a rb o x im a d e  (M T IC ) 
u n d e r  p h y s io lo g ic a l c o n d i t io n s  w i th o u t  d e p e n d in g  o n  h e p a tic  p ro c e s s e s  o f  e n z y m a tic  
a c tiv a tio n  (S tev en s e t  a l., 1987). T h e  d e c o m p o s i t io n  o f  T M Z  in to  M T IC  a p p e a r s  to  b e  
d e te r m in e d  b y  th e  b a s e  c a ta ly s e d  a d d i t io n  o f  w a te r  a n d  th e  p H  c o n d it io n . T h is  c o n ­
v e rs io n  o c c u rs  a t  a  c o n s ta n t  r a te  a t  a  p h y s io lo g ic a l p H  o f 7.4 (R ic ca rd i e t  a l., 2003). T h e  
h a lf- life  o f  T M Z  a t  3 7 °C  in  p h o s p h a te  b u f fe r  s o lu t io n  (PBS) a t  p H  7.4 is  1.83 h . I n te r ­
e s t in g ly  th e  M T IC  h a lf- life  u n d e r  th e  s a m e  c o n d it io n s  is  in  th e  o r d e r  o f  2 m in  (D e n n y  
e t  al., 1994). In  fac t, M T IC  is  r a p id ly  c o n v e r te d  in to  5 -a m in o im id a z o le -4 -c a rb o x a m id e  
(A IC ), a n  in a c tiv e  d e r iv a tiv e  o f  M T IC , a n d  m e th y ld ia z o n iu m  ca tio n .
T M Z  in te ra c t io n  w i th  D N A  is b a s e d  o n  th e  in d u c t io n  o f m e th y l  a d d u c ts :  70%  a t  th e  
p o s it io n  o f g u a n in e ,  9 .2%  a t  th e  p o s i t io n  o f  a d e n in e  a n d  5%  a t  th e  p o s i t io n  o f  
g u a n in e . T h e  s u b s e q u e n t  fo rm a tio n  o f O ^ -m e th y lg u a n in e  (O ^-M eG ) is  r e s p o n s ib le  fo r  
T M Z  c y to to x ic ity  (N e w la n d s  e t a l., 1997). In  fac t, d u r in g  D N A  re p lic a t io n , O ^ -M e G
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in c o rre c tly  b in d s  w i th  th y m in e  in s te a d  o f  cy to s in e . N o r m a l ly  th e  D N A -m is m a tc h  
r e p a ir  (M M R ) p a th w a y  c o rre c ts  th e  g u a n in e - th y m in e  m is m a tc h  e r ro rs  b y  re m o v in g  
th e  m is m a tc h  se c tio n  o f  D N A  a n d  re p la c in g  i t  w i th  th e  c o r re c t r e s id u e . H o w ev er, 
w h e n  a  m e th y l c o m p o u n d  is  p r e s e n t  th is  p a th w a y  fa ils  to  f in d  a  c o m p le m e n ta ry  b a s e  
a n d  th y m in e  is  lik e ly  to  b e  re in s e r te d .  E x c is io n - in se r tio n  p ro c e s se s  r e p e a t  p r o d u c in g  
lo n g - la s t in g  n ic k s  in  th e  D N A . T h e se  r e s u l t  in  in te r ru p t io n s  o f  D N A  d a u g h te r  s t r a n d s ,  
w h ic h  in h ib i t  th e  s u b s e q u e n t  S -p h a se  D N A  re p lic a t io n  a n d  e v e n tu a lly  in i t ia te  ce ll a p o p ­
to s is . T h e  e n t ire  p ro c e s s  m a y  re q u ir e  tw o  ce ll d iv is io n s  to  d e te rm in e  T M Z  c y to to x ic ity  
(N e w la n d s  e t  a l., 1997).
E a r ly  p re c lin ic a l s tu d ie s  o n  x e n o g ra f ts  a n d  m u r in e  tu m o u r  m o d e ls  in d ic a te d  s ig n if i­
c a n t a n t i tu m o u r  a c tiv ity  a n d  g o o d  p h a rm a c o k in e tic  p ro p e r t ie s  o f  T M Z  (i.e. t is s u e  d is ­
t r ib u tio n ,  p e n e tr a t io n  ac ro ss  th e  b lo o d -b ra in  b a r r ie r  (BBB) a n d  b io a v a ila b ility )  (S tev en s 
e t  a l., 1987). T M Z  s h o w e d  a  m a x im u m  p la s m a  c o n c e n tra tio n  a c h ie v e d  in  0 .7-0.9 h  a n d  
r a p id  e l im in a tio n  w i th  a  h a lf- life  o f  1.8 h  (H a m m o n d  e t  a l., 1999). T M Z  a n t i tu m o u r  
a c tiv ity  w a s  a lso  f o u n d  to  b e  s c h e d u le -d e p e n d e n t ,  w i th  re p e ti t iv e  m u lt ip le  d o s e s  m o re  
e ffec tiv e  th a n  s in g le  a d m in is t ra t io n  (N e w la n d s  e t  a l., 1997).
A lth o u g h  th e  f irs t  p h a s e  I c lin ica l tr ia ls  w e re  c o n d u c te d  w i th  se v e ra l ty p e s  o f m a lig ­
n a n t  tu m o u r s ,  g o o d  a n t i tu m o u r  a c tiv ity  w a s  r e p o r te d  o n ly  in  p a t ie n ts  w i th  m e ta s ta t ic  
m e la n o m a  a n d  h ig h - g ra d e  b r a in  tu m o u r s  (N e w la n d s  e t  a l., 1997). T h e  in it ia l  s tu d ie s  
p r im a r i ly  e v a lu a te d  d if fe re n t d o s e  e s c a la tio n s  ( fro m  50 m g /m ^  to  1200 m g /m ^ )  id e n ­
t ify in g  a  150-200 m g /m ^  d o s e  fo r  5 c o n s e c u tiv e  d a y s  o n  a  4 -w e e k  cyc le  a s  th e  b e s t  
to le ra te d . T h e  d o s e - lim itin g  to x ic itie s  w e re  o f h a e m a to lo g ic a l n a tu re ,  m a in ly  n e u t r o p e ­
n ia  a n d  th r o m b o c y to p e n ia  (B rad a  e t  a l., 1999).
S u b s e q u e n t ly  se v e ra l p h a s e  II s tu d ie s  fo r  p a t ie n ts  w i th  r e c u r r e n t  a n d  n e w ly  d ia g ­
n o s e d  m a lig n a n t  g lio m a s  w e re  c a r r ie d  o u t  th r o u g h o u t  E u ro p e  a n d  th e  U n i te d  S ta te s  
u s in g  th e  ab o v e  e s ta b l is h e d  s c h e d u le . T w o p h a s e  II tr ia ls  e v a lu a te d  p a t ie n ts  w i th  r e ­
c u r r e n t  G B M . F irs t, B ra d a  e t al. (2001) r e p o r te d  th e  o u tc o m e  o f 138 p a t ie n ts  w i th  G B M  
a t  f irs t  r e la p s e , in d ic a t in g  a  p o te n t ia l  b e n e f it  f ro m  T M Z  t r e a tm e n t  in  61%  o f  th e  p a ­
t ie n ts  w i th  a  p ro g re s s io n - f re e  s u rv iv a l  a t  6 m o n th s  o f  18% . A  s u b s e q u e n t  p h a s e  II t r ia l  
c o m p a re d  th e  u s e  o f  T M Z  v e rs u s  C C N U  in  p a t ie n ts  w i th  r e c u r r e n t  G B M . A  to ta l  o f 
225 p a t ie n ts  w e re  r a n d o m ly  a s s ig n e d  to  re c e iv e  e i th e r  T M Z  o r  C C N U  c h e m o th e ra p y  
a f te r  p re v io u s  t r e a tm e n t  w i th  su rg e ry , ra d io th e ra p y , o r  b o th . T h e  s tu d y  s h o w e d  T M Z  
s u p e r io r i ty  o v e r C C N U , w i th  a  p ro g re s s io n - fre e  s u rv iv a l  a t  6 m o n th s  o f  21%  fo r  T M Z  
c o m p a re d  to  8%  fo r  C C N U  (Y ung  e t  a l., 2000).
A  n o v e l s c h e d u le  w a s  te s te d  b y  S tu p p  e t  al. (2002) in  a  p h a s e  II s tu d y  fo r  p a t ie n ts  
w i th  n e w ly  d ia g n o s e d  G B M . In  th is  tr ia l  T M Z  w a s  fo r  th e  f irs t  t im e  c o m b in e d  w i th
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ra d io th e ra p y . P a tie n ts  re c e iv e d  T M Z  a t  a  d o s e  o f  75 m g /m ^  p e r  day , 7 d a y s  p e r  w e e k , 
f ro m  th e  f irs t  to  th e  la s t d a y  o f r a d io th e r a p y  (2 G y  p e r  f ra c tio n  fo r  a  to ta l  d o s e  o f  60 G y).
F o u r  w e e k s  a f te r  c o m p le t io n  o f  c o n c o m ita n t c h e m o - ra d io th e ra p y  p a t ie n ts  re c e iv e d  a d ­
ju v a n t  T M Z  c h e m o th e ra p y  w i th  a  d o s e  o f  200 m g /m ^  fo r  5 d a y s  e v e ry  28 d a y s  fo r  6 
cyc les. T h e  re s u lts  w e re  p r o m is in g  w i th  a  m e d ia n  s u rv iv a l  o f  16 m o n th s ,  a n d  1- a n d  
2 -y ea r  s u rv iv a l  r a te s  o f  58%  a n d  31% , re sp e c tiv e ly . T h e se  s tu d ie s  le d  to  th e  a p p ro v a l o f 
T M Z  fo r  th e  t r e a tm e n t  o f  r e c u r r e n t  a n d  n e w ly  d ia g n o s e d  G B M , a s  w e ll a s  th e  d e v e lo p ­
m e n t  o f a  p h a s e  III tr ia l, w h ic h  in  2005 c o n f irm e d  r a d io th e r a p y  p lu s  c o n c o m ita n t  a n d  
a d ju v a n t  T M Z  a s  th e  n e w  g o ld  s ta n d a r d  o f  c a re  (S tu p p  e t  a l., 2005).
2.4.2 Resistance to T M Z
T M Z  cy to to x ic ity , w h ic h  is  s tro n g ly  c o r re la te d  w i th  O ^ -m e G , d e p e n d s  o n  D N A  re p lic a ­
t io n  a n d  i ts  e ffec tiv e n ess  c a n  b e  a ffe c te d  b y  d if fe re n t  D N A  r e p a i r  sy s te m s  (N e w la n d s  
e t  a l., 1997); th e  m o s t  im p o r ta n t  are :
i. M G M T .  T h is  m o le c u le  is  a  D N A  r e p a ir  e n z y m e  th a t  is  c a p a b le  o f r e m o v in g  
T M Z -in d u c e d  m e th y l  g ro u p s  f ro m  th e  p o s i t io n  o f g u a n in e . T h e  m e th y l  g r o u p  
is  th e n  tr a n s f e r r e d  to  a  c y s te in e  re s id u e  in  th e  M G M T  e n z y m e , w h ic h  b e c o m e s  
ir re v e rs ib ly  in a c tiv a te d . T h ereb y , M G M T  n e u tra l iz e s  th e  c y to to x ic  e ffec ts  o f  T M Z .
S ilen c in g  o f  th e  M G M T  p r o m o te r  r e s u lts  in  a  lo w  e x p re s s io n  o f  th is  g e n e  a n d  is  
a s so c ia te d  w i th  a  fa v o u ra b le  o u tc o m e  in  p a t ie n ts  t r e a te d  w i th  T M Z  (G o rlia  e t  a l.,
2008; H e g i e t  a l., 2005). U n fo r tu n a te ly , a r o u n d  50%  o f p a t ie n ts  w i th  G B M  h a v e  
a n  u n m e th y la te d  M G M T  p ro m o te r .
A  v a r ie ty  o f a p p ro a c h e s  h a v e  b e e n  in v e s tig a te d  to  s u p p r e s s  M G M T  ac tiv ity . T h is  
in c lu d e s  a l te rn a t iv e  d o s in g  s c h e d u le s  o f  T M Z , w h ic h  d e l iv e r  m o re  p r o lo n g e d  ex ­
p o s u r e  a n d  h ig h e r  c u m u la t iv e  d o se s , a n d  c o m b in a t io n  w i th  M G M T  in h ib i to r s .  
T o lcher e t  al. (2003) f irs t  r e p o r te d  th a t  th e  u s e  o f  p r o t r a c te d  T M Z  r e g im e n s  (7 /1 4  
o r  2 1 /2 8  d a y  sc h e d u le )  le a d s  to  a  s ig n if ic a n t a n d  p r o lo n g e d  r e d u c t io n  (b y  70% ) 
o f M G M T  a c tiv ity  in  p e r ip h e ra l  b lo o d  m o n o n u c le a r  cells . In  a  s e p a r a te  I ta l ia n  
s tu d y  p a t ie n ts  re c e iv e d  12 cyc les o f a d ju v a n t  T M Z  7 -d a y s -o n /7 -d a y s -o f f ,  r e p o r t ­
in g  to x ic ity  c o m p a ra b le  w ith  th e  E O R T C -N C IC  tr ia l  a n d  s im ila r  o v e ra ll s u rv iv a l  
( D a i r  O g lio  e t a l., 2008). P e r ry  e t al. (2010) r e p o r te d  th e  re s u lts  o f  a  p h a s e  II 
s tu d y  in  r e c u r r e n t  G B M  w ith  c o n t in u o u s  d o s e - in te n s e  a d ju v a n t  T M Z  50 m g /m ^  
g iv e n  o n  a  2 8 /2 8  d a y  s c h e d u le  fo r  u p  to  1 y e a r  o r  u n t i l  p ro g re s s io n  o c c u r re d .
T h is  r e g im e n  w a s  g e n e ra lly  w e ll to le ra te d ,  h o w ev e r, th e re  w a s  n o  s ig n if ic a n t  ev -
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id e n c e  o f  th e  s u p e r io r i ty  o f  th is  s c h e d u le . T h e  2011 A m e r ic a n  S o c ie ty  o f  C lin ­
ic a l O n c o lo g y  (A S C O ) m e e tin g  re c e n tly  r e p o r te d  th e  o u tc o m e  o f  th e  E O R T C  
26052-22053 /R T O G  0525 tr ia l ,  w h ic h  te s te d  2 1 /2 8  d a y  p r o lo n g e d  T M Z  s c h e d ­
u le  (G ilb e r t e t  a l., 2011). U n fo r tu n a te ly , th e  tr ia l  d e m o n s tr a te d  n o  s ig n if ic a n t 
s u rv iv a l  a d v a n ta g e  in  th e  d o s e  in te n s iv e  t r e a tm e n t  a r m  w i th  a d d i t io n a l  tox ic ity , 
m o s t ly  ly m p h o p e n ia  a n d  f a t ig u e  (A h lu w a lia , 2011). T h e  G e rm a n  D IR E C T O R  
s tu d y  is  c u r r e n t ly  c o m p a r in g  th e  2 1 /2 8  d a y  s c h e d u le  w i th  th e  7 /1 4  d a y  s c h e d u le  
(h t tp : / /c l in ic a l t r i a l s .g o v ; Id e n tif ie r : N C T 00941460).
A n o th e r  in v e s tig a tio n a l  a p p r o a c h  is  th e  c o m b in a t io n  o f  T M Z  w i th  M G M T  in ­
h ib ito rs .  O ^ -b e n z y lg u a n in e  (O ^-B G ), a  s u b s t ra te  fo r  M G M T , in a c tiv a te s  th e  M G M T  
a n d  h a s  b e e n  in v e s tig a te d  in  c o m b in a t io n  w i th  a lk y la t in g  a g e n ts ,  s u c h  a s  B C N U  
o r  T M Z . H o w ev er, se v e ra l s tu d ie s  r e p o r te d  a  l im ite d  efficacy  o f  O ^-B G  m o s t ly  
b e c a u s e  o f  a  d o s e - l im itin g  to x ic ity  (e.g . m y e lo s u p p re s s io n )  (F r ie d m a n  e t  al.,
2002; Q u in n  e t  al., 2005, 2009). A n o th e r  M G M T  s u b s t ra te ,  6 -(4 -b ro m o -2 -th ie n y l)  
m e th o x y  p u r in -2 -a m in  ( lo m e g u a tr ib ) ,  h a s  s h o w n  p r o m is in g  r e s u l ts  w h e n  u s e d
, in  c o m b in a t io n  w i th  T M Z  o n  a  v a r ie ty  o f h u m a n  x e n o g ra f t  m o d e ls  (C le m o n s  
e t  a l., 2005; M id d le to n  e t  al., 2002). H o w ev er, th is  a g e n t  is  s ti ll  a t  a  p re c lin i­
ca l s ta g e  a n d  n o  c lin ica l tr ia l  is  o n g o in g  a t  th e  t im e  o f  w r i t in g  th is  d is s e r ta t io n  
(h t tp : / /c l in ic a l t r i a l s .g o v ).
ii. D N A  m ism atch  repair. If  O ^ -m e G  is le ft u n r e p a ir e d ,  th is  in c o rre c tly  p a i r s  w i th  
th y m in e  (0 ^-m eG :T ) d u r in g  D N A  re p lic a tio n . T h e  M M R  s y s te m , a  D N A  r e p a i r  
p a th w a y  d e d ic a te d  to  th e  c o rre c tio n  o f r e p lic a t io n  e r ro rs , re c o g n iz e s  a n d  a t te m p ts  
to  p ro c e s s  th e  0 ^ -m eG :T  m isp a ir . H o w ev er, th e  M M R  p a th w a y  u n d e r ta k e s  re i te r ­
a t iv e  cyc les o f  a t te m p te d  re p a ir , le a d in g  to  th e  fo rm a tio n  o f  D N A  d o u b le  s t r a n d  
b re a k s  (DSBs). T h is  is  fo llo w e d  b y  th e  a c tiv a tio n  o f a p o p to tic  p a th w a y s  a n d  
u lt im a te ly  ce ll d e a th . T h e re fo re , th e  th e ra p e u tic  e fficacy  o f  T M Z  re q u ir e s  a n  in ­
ta c t  M M R  sy s te m . In  fac t, i t  h a s  b e e n  s h o w n  b y  se v e ra l s tu d ie s  th a t  tu m o u r  ce lls  
w i th  lo w  lev e ls  o f  M G M T , b u t  la c k in g  e ff ic ien t M M R , a re  h ig h ly  r e s is ta n t  to  T M Z  
(M arch e s i e t  a l., 2007).
iii. Base excision repair. A s  p re v io u s ly  m e n tio n e d , th e  c y to to x ic ity  o f  T M Z  h a s  b e e n  
a t t r ib u te d  to  th e  in d u c t io n  o f  O ^ -m e G . H o w ev er, n e a r ly  90%  o f th e  to ta l  m é th y ­
la t io n  e v e n ts  in d u c e d  b y  T M Z  a re  N ^ -m e th y lg u a n in e  (N ^ -m eG ; 65-80% ) a n d  N ^ -  
m e th y la d e n in e  (N ^ -m eA ; 8-12% ) (M arch e si e t  a l., 2007). T h e se  m e th y l  a d d u c ts  
a re  re c o g n is e d  a n d  p ro c e s s e d  b y  th e  b a s e  ex c is io n  r e p a ir  (BER) sy s te m . T h e  BER 
is  a  D N A  r e p a ir  p a th w a y  o f  b a s e  m o d if ic a tio n s , s u c h  a s  m é th y la t io n  o r  o x id a t io n
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o f  D N A  b a s e s . T h e  r e p a ir  p ro c e s s  is  in i t ia te d  b y  a  se lec tiv e  g ly c o sy la se  (a lk y la d e -  
n in e  D N A  g ly c o sy la se , A A G ) th a t  is  a b le  to  re c o g n iz e  a n d  re m o v e  th e  d a m a g e d  
D N A  b a se . T h e  r e s u l t in g  a b a s ic  s ite  is  f u r th e r  c lea v ed  b y  a n  a p u r in ic  /  a p ir im i-  
d in ic  e n d o n u c le a s e  (A P E i) . A t th is  p o in t ,  p o ly  (A D P -rib o se ) p o ly m e ra s e  (PA RP) 
b in d s  to  th e  s in g le  s t r a n d  b r e a k  (SSB), in d ir e c tly  in d u c e d  b y  A P E i,  t r ig g e r in g  h is -  
to n e  r ib o s y la tio n  a n d  a l lo w in g  r e c ru i tm e n t  o f X -ray  r e p a ir  c ro s s -c o m p le m e n tin g  
1 (X R C C i). X R C C i in te rv e n e s  a s  a  sc a ffo ld  p r o te in  r e c ru it in g  o th e r  D N A  p o ly ­
m e ra s e s  a n d  D N A  lig a se s . S u b se q u e n tly , th e  r e p a ir  p ro c e s s  is  c o m p le te d  b y  
e i th e r  s h o r t-p a tc h  re p a ir , w h e r e  a  s in g le  n u c le o tid e  is  re p la c e d , o r  lo n g -p a tc h  r e ­
p a ir , in  ca se  o f a n  e x te n d e d  le s io n  o f tw o  o r  m o re  n u c le o tid e s . In  c a se  o f  s h o r t  
p a tc h  re p a ir , th e  m is s in g  n u c le o tid e  is  r e p la c e d  b y  th e  D N A  p o ly m e ra s e  p (P o l 
|3) a n d  D N A  c o n t in u ity  is  r e s to r e d  b y  th e  D N A  lig a se  III (L ig  III). O n  th e  o th e r  
h a n d ,  a d d i t io n a l  p o ly m e ra s e s  a re  in v o lv e d  (P o l (3, P o l Ô a n d / o r  P o l e) d u r in g  
lo n g -p a tc h  r e p a ir  a n d  th e  D N A  is m a in ly  l ig a te d  b y  th e  D N A  lig a se  I  (L ig  I). R e­
c e n t d a ta  s u g g e s t  th a t  d e fe c ts  in  th e  BER s y s te m  m a y  h a v e  p a r t ic u la r  im p a c t  o n  
th e  r e s p o n s e  to  T M Z . O n  th is  b a s is ,  s e v e ra l in h ib i to r s  o f  BER fa c to rs  (e .g . A P E i,
P o l (3, a n d  PA R P) a re  in  d e v e lo p m e n t (F ro s in a , 2009).
2.4.3 D N A  repair and P A R P
P A R P  a re  a  g ro w in g  fa m ily  o f  p ro te in s ,  c u r r e n t ly  c o m p ris in g  18 d is t in c t  m e m b e rs  o f 
w h ic h  P A R P -i (80% ) a n d  P A R P-2  (10% ) a re  th e  m o s t  a b u n d a n t  a n d  s tu d ie d  (A m é  e t  a l.,
2004). In  th is  d is s e r ta t io n ,  th e  te rm  P A R P  w ill  b e  u s e d  to  in d ic a te  b o th  P A R P -i a n d  
PA R P-2, s in c e  th e  ro le  o f th e  o th e r  p ro te in s  r e m a in s  to  b e  c la rif ied .
P A R P  c o n s is ts  o f  th re e  m a jo r  d o m a in s : a n  a m in o - te rm in a l D N A -b in d in g  d o m a in  
(D B D ), a n  a u to m o d if ic a tio n  d o m a in  (A D ), a n d  a  C - te rm in a l c a ta ly tic  d o m a in  (C D )
(Fig. 2.4.3). T h e  D B D  c o n ta in s  th re e  z in c  f in g e rs  r e s p o n s ib le  fo r  D N A  b in d in g  a n d  
P A R P -i ac tiv a tio n .
P A R P  is  r a p id ly  a c tiv a te d  b y  D N A  b re a k s  a n d  u s e s  n ic o tin a m id e  a d e n in e  d in u ­
c le o tid e  (N A D + ) a s  a  s u b s t ra te  g e n e ra tin g  n ic o tin a m id e  a n d  A D P -rib o se . S ev e ra l A D P - 
r ib o se  u n i ts  e v e n tu a lly  fo rm  lo n g  b r a n c h e d  p o ly (A D P -rib o se )  c h a in s  (p A D P r  o r  P A R ),
15 to  30 s  a f te r  d a m a g e . T h is  p o ly m e r , s ti ll a t ta c h e d  to  PARP, fu n c tio n s  a s  a  sc a ffo ld  
a n d  a s se m b le s  o th e r  p ro te in s  in v o lv e d  in  th e  BER s y s te m  (e.g . X R C C i, p o ly m e ra s e s  
a n d  lig a se s ). F o llo w in g  p o ly (A D P -rib o s y la tio n ) , P A R P  is  r e le a s e d  f ro m  th e  d a m a g e d  
s ite  th r o u g h  A D P -r ib o sy la tio n  o f  th e  A D  itse lf . T w o e n z y m e s , p o ly (A D P -rib o s e )  g ly -
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c o h y d ro la se  (PA RG ) a n d  A D P -rib o se  h y d ro la s e  (A R H 3), s u b s e q u e n tly  re m o v e  p A D P r  
f ro m  P A R R  re s to r in g  its  a b ili ty  to  f u r th e r  b in d  to  D N A  b re a k s .
Znl Znll NLS Znlll BRCT WGR NAD
binding site
F ig u re  2.4.3.: S ch e m a tic  s t ru c tu re  o f P A R P i w ith  its  th re e  d o m a in s  D B D , A D  a n d  C D .
T h e  D B D  c o n ta in s  th re e  z in c  f in g e rs  (Z n l, II a n d  III) a n d  a  n u c le a r  lo c a lisa ­
tio n  s ig n a l (N LS). T h e  A D  c o m p ris e s  a  B R C A i c a rb o x y -te rm in a l (BRCT) 
re g io n , w h ic h  is re s p o n s ib le  fo r  p ro te in -p ro te in  in te ra c tio n . F inally , th e  
C D  in c lu d e s  th e  W C R  d o m a in , n a m e d  a f te r  th e  m o s t  c o n s e rv e d  c e n tra l 
m o tif  ( W /C /R ) ,  a n d  th e  c ru c ia l N A D +  b in d in g  s ite , w h ic h  fo rm s  p A D P r. 
A d a p te d  f ro m  R o u le a u  e t al. (2010).
B esid es  its  ro le  in  BER, PA R P  is in v o lv e d  in  tra n s c r ip tio n a l  re g u la tio n ,  e n e rg y  m e ta ­
b o lis m  a n d  ce ll d e a th  p ro c e sse s . S ince PA R P  u s e s  N A D +  as  a  s u b s tra te , w h ic h  is  r e ­
sp o n s ib le  fo r  th e  s y n th e s is  o f a d e n o s in e -5 '- tr ip h o s p h a te  (A TP), la ck  o f  A T P  r e n d e r s  ce ll 
u n a b le  to  e x e c u te  cell d e a th  v ia  th e  A T P -d e p e n d e n t a p o p to tic  p a th w a y . T h is  o b s e rv a ­
tio n  w o u ld  im p lic a te  P A R P 's  in v o lv e m e n t in  th e  in f la m m a to ry  a n d  n e c ro tic  r e s p o n s e s  
(M é g n in -C h a n e t e t  al., 2010).
W h ile  th e  ro le  o f PA R P  in  SSB re p a ir  h a s  b e e n  e x te n s iv e ly  s tu d ie d ,  a  d ir e c t  ro le  
in  DSB re p a ir  h a s  y e t to  b e  c o n f irm e d . T h e  r e c ru i tm e n t  o f se v e ra l fa c to rs  o f th e  h o ­
m o lo g o u s  r e c o m b in a t io n  (H R ) to  DSBs, su c h  a s  m ito tic  re c o m b in a t io n  11 (M R E ii)  
a n d  a ta x ia  te la n g ie c ta s ia -m u ta te d  (A TM ), d e p e n d s  o n  p A D P r. T h is  w o u ld  im p lic a te  
P A R P 's  in v o lv e m e n t in  th e  H R  m a c h in e ry  (R o u le a u  e t a l., 2010). A d d itio n a lly , in  vitro  
s tu d ie s  r e p o r te d  th e  p a r t ic ip a t io n  o f PA R P in  th e  b a c k -u p  n o n -h o m o lo g o u s  e n d  jo in in g  
(B -N H EJ) r e p a ir  o f D SB s (W ang  e t al., 2006).
2.4.4 -PZiRP inhibition and A B T -888
O n  th e  b a s is  th a t  PA R P  is a c tiv a te d  b y  D N A  b re a k s , c a u s e d  d ire c tly  b y  io n iz in g  r a d i ­
a t io n  o r  in d ire c tly  b y  A P E i d u r in g  BER, in h ib i t io n  o f P A R P  h a s  b e c o m e  a n  im p o r ta n t  
a re a  o f re se a rc h . PA R P  in h ib i to r s  c a n  b e  a p p lie d : (1) to  e x p lo it  th e  c o n c e p t o f  's y n ­
th e tic  le th a l i ty ' in  c a n c e rs  w ith  d e fe c tiv e  D N A  re p a ir  p a th w a y s  a n d  (2) to  p o te n t ia te  
c h e m o th e ra p y  a n d  r a d io th e r a p y  cy to tox ic ity .
S y n th e tic  le th a l ity  re fe rs  to  a  c o m b in a tio n  o f g e n e tic  m u ta t io n s  th a t  le a d s  to  ce ll 
d e a th  th a t  a re  o th e rw is e  n o t  le th a l in d iv id u a lly . S ev e ra l s tu d ie s  s u g g e s te d  th a t  in  H R -
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d e fe c tiv e  tu m o u r s  P A R P  in h ib i t io n  p ro m o te s  s y n th e tic  le th a lity . B R C A i a n d  B R C A z 
a re  im p o r ta n t  c o m p o n e n ts  in  th e  H R  p a th w a y  a n d  in  th e  p re s e n c e  o f  P A R P  in h ib i to r s ,  
ce lls  re ta in in g  m u ta t io n s  in  th e s e  g e n e s  a c c u m u la te  D SB s th a t  c a n  o n ly  b e  r e p a ir e d  
b y  th e  a l te rn a t iv e , e r ro r -p ro n e  N H E J  p a th w a y . T h u s , se v e ra l c lin ica l tr ia ls  in  B R C A - 
d e f ic ie n t c a n c e rs  (e.g . b re a s t ,  o v a r ia n , p r o s ta te  a n d  p a n c re a t ic  can ce rs )  a re  c u r r e n t ly  
u n d e r w a y  o r  in  d e v e lo p m e n t (F o n g  e t  al., 2009). A l th o u g h  B R C A  m u ta t io n s  a re  n o t  
c o m m o n  in  G B M , m u ta t io n  in  th e  P T E N  g e n e , re c e n tly  a s so c ia te d  w i th  d e fe c ts  in  th e  
H R  p a th w a y , a re  o b s e rv e d  in  30%  o f th e  p a t ie n ts .  T h e  ro le  o f  P T E N  in  D N A  r e p a ir  
r e m a in s  to  b e  e lu c id a te d ,  b u t  i t  a p p e a r s  to  r e g u la te  th e  t r a n s c r ip t io n  o f  R a d ^ i ,  a  p r o te in  
th a t  p la y s  a  m a jo r  ro le  in  H R  (C h a lm e rs , 2010).
T h e  c h e m o -  a n d  r a d io -s e n s it iz in g  effec ts  o f  P A R P  in h ib i t io n  h a v e  b e e n  la rg e ly  in ­
v e s tig a te d  in  C N S  m a lig n a n c ie s , lik e  G B M . T h e  u s e  o f P A R P  in h ib i to r s  s ig n if ic a n tly  
in c re a s e d  th e  c y to to x ic  e ffec ts  o f T M Z  b o th  in  vitro  a n d  in  vivo . A s  m e n t io n e d  e a r ­
lier, P A R P  in h ib i t io n  s h o u ld  m a k e  th e  N ^ -m e G  a n d  N ^ -m e A  m e th y l g r o u p s  (g e n e ra lly  
n o n -to x ic )  c y to to x ic  b y  p r e v e n tin g  BER (Eig. 2.4.4). H o w ev er, th e re  is  a  d e b a te  a s  to  
w h e th e r  P A R P  in h ib i t io n  a c tu a lly  o v e rc o m e s  M G M T -m e d ia te d  re s is ta n c e  (C h a lm e rs ,
2010).
A d d itio n a lly , se v e ra l p re c lin ic a l s tu d ie s  h a v e  s h o w n  th a t  P A R P  in h ib i to r s  a re  p o te n t  
r a d io s e n s it iz e rs  w i th  s e n s itiv i ty  e n h a n c e m e n t r a t io  (SER) v a lu e s  u p  to  1.7. T h e  m a jo r  
effec t is  s e e n  in  fa s t- re p lic a tin g  ce lls  a n d  p a r t ic u la r ly  ce lls  in  S -p h a se . T h e  u n d e r ly ­
in g  m e c h a n is m s  m a y  in v o lv e  c o n v e rs io n  o f  u n r e p a ir e d  SSBs in to  c o l la p s e d  r e p lic a t io n  
fo rk s , w h ic h  e v e n tu a lly  g iv e  r is e  to  D SBs. D SB s a re  p o te n t ia l ly  m o re  le th a l  a n d  th e i r  
r e p a ir  r e q u ire s  a  fu n c tio n a l EîR p a th w a y . A s  p re v io u s ly  r e p o r te d ,  G B M  d e m o n s tr a te s  
d e fe c ts  o f H R  fu n c tio n  a s so c ia te d  w i th  P T E N  lo ss  a n d  a re a s  o f  h y p o x ia  (C h a lm e rs ,
2010). M o reo v e r, th e re  is  m o u n t in g  e v id e n c e  s u g g e s t in g  a n  in te rp la y  b e tw e e n  P A R P  
s ig n a ll in g  a n d  H R  th r o u g h  a c tiv a tio n  o f  m ito tic  r e c o m b in a t io n  11 (M R E ii)  a n d  n ib r in  
(N B S i). T h e se  p ro te in s  a re  m e m b e rs -o f  th e  M r e i i - R a d ^ o - N b s i  (M R N ) p r o te in  c o m p le x  
ac tiv ity , w h ic h  in c lu d e s  e n d -p ro c e s s in g  o f D SB s in  H R  (H a in c e  e t  al., 2008).
T h e  f irs t  g e n e ra t io n  o f PA R P  in h ib i to r s  in c lu d e d  n ic o tin a m id e s , b e n z a m id e s  a n d  
th e ir  d e r iv a tiv e s , s u c h  a s  3 -a m in o b e n z a m id e  (3-AB). T h e  m e c h a n is m  o f  a c tio n  o f  th e s e  
c o m p o u n d s  is  b a s e d  o n  c o m p e ti t io n  w ith  N A D +  a t  th e  P A R P  c a ta ly tic  s ite , w h ic h  p r e ­
v e n ts  p A D P r  sy n th e s is . H o w ev er, th e  d o se s  r e q u ir e d  fo r  re a c h in g  a n  effec tiv e  P A R P  
in h ib i t io n  a re  to o  h ig h  (u p  to  m M  c o n c e n tra tio n s )  fo r  in  v ivo  c lin ic a l te s tin g . M o re o v e r, 
th e s e  a g e n ts  h a v e  lim ite d  s o lu b i lity  in  w a te r , a n d  h e n c e  in su ff ic ie n t in tr a c e l lu la r  a c c u ­
m u la t io n  a n d  BBB p e n e tr a t io n  (C e p e d a  e t  a l., 2006). T h e  fo llo w in g  P A R P  in h ib i to r s  
w e re  s tr u c tu ra l ly  im p ro v e d  a n a lo g u e s  o f 3-A B , s u c h  a s  is o q u in o lin o n e s , in d o le s ,  iso in -
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d o lin o n e s , q u in a z o lin o n e s , p h e n a n th r id in o n e s  a n d  th e ir  d e r iv a tiv e s . T h e  in h ib i to ry  
d o s e  o f th e se  a g e n ts  is  o rd e r s  o f m a g n itu d e  lo w e r  th a n  n ic o tin a m id e s  a n d  b e n z a m id e s .  
O v e r  th e  p a s t  five y e a rs , se v e ra l p o te n t  PA R P in h ib i to r s  h a v e  b e e n  d e v e lo p e d  u s in g  
s tru c tu re -a c t iv ity  re la t io n s h ip  (SA R) an a ly s is . T h is  m e th o d  a llo w s  id e n tify in g  th e  b e s t  
ch e m ic a l s tru c tu re s  in  te rm s  o f in h ib i to ry  sp e c if ic ity  a n d  p o te n c y  (C e p e d a  e t a l., 2006).
Ionizing radiation
S SB and DSB 
(25:1)
TMZ
MGMT
independentI QG-meG
N^-meA and N^-meG
SSB AAG
APEI\ /
PARP
PARP inhibitor 
(ABT-888)
poly(ADP-ribosylation) ^
Base excision 
repair (BER) XRCCI :
Cancer cell 
survival
DSB \
Cancer cell 
death
F ig u re  2.4.4.: S im p lif ie d  i l lu s tr a t io n  o f th e  ro le  o f PA R P  in  th e  r e p a ir  o f D N A  d a m a g e  
b y  io n iz in g  ra d ia t io n  a n d  T M Z . Io n iz in g  r a d ia t io n  a n d  T M Z  in d u c e  SSBs 
n o rm a l ly  r e p a ire d  b y  th e  P A R P -d e p e n d a n t BER p a th w a y . T h e  p re s e n c e  
o f a  PA R P  in h ib ito r , su c h  a s  A BT-888, im p a ir s  th e  BER p a th w a y  b y  p r e ­
v e n t in g  p o ly (A D P -rib o sy la tio n ). SSBs p e r s is t  a n d  e v e n tu a lly  c o n v e r t  in to  
DSBs.
A BT-888 (V eliparib ) is  a  n o v e l, o ra lly  b io a v a ila b le , a n d  p o te n t  PA R P  in h ib i to r  d e v e l­
o p e d  b y  A b b o tt  la b o ra to r ie s  f ro m  a  m o d if ic a tio n  o f a  b e n z im id a z o le  r in g  (Eig. 2.4.5). 
A BT-888 in h ib i ts  b o th  P A R P -i a n d  P A R P-2 e n z y m e s  w ith  ( in h ib ito ry  c o n s ta n t)  o f
5.2 a n d  2.9 n m o l /L ,  re sp e c tiv e ly  (D o n a w h o  e t al., 2007).
P re c lin ica l p h a rm a c o k in e tic  s tu d ie s  in  m ic e , r a ts ,  d o g s  a n d  m o n k e y s  r e p o r te d  p la s m a  
c le a ra n c e  v a lu e s  b e tw e e n  0.6 to  4.1 L / h x k g  a n d  h a lf- liv e s  o f 1.2 to  2.7 h . T h e  o ra l 
b io a v a ilb ility  v a r ie s  b e tw e e n  56 to  92% . Im p o rta n tly , ABT-888 c ro sse s  th e  BBB w ith  
p la s m a  to  b r a in  ra tio  o f 3:1 a s  e v a lu a te d  in  tu m o u r -b e a r in g  r a ts  (D o n a w h o  e t  a l., 2007).
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A BT-888 a lso  e x h ib its  h ig h  w a te r  s o lu b i li ty  (>5 m g /m l )  a t  p h y s io lo g ic a l p H  (P e n n in g  
e t a l., 2009). T h e  f ir s t- in -h u m a n  s tu d y  o f  A BT-888, a  w e ll-d e s ig n e d  p h a s e  0 c lin ic a l tr ia l, 
s h o w e d  p e a k  p la s m a  c o n c e n tra t io n s  b e tw e e n  0.5 a n d  1.5 h  a f te r  d o s in g  a n d  a n  av e r­
a g e  e l im in a tio n  h a lf- life  o f  4  h  in  h u m a n s  (E lio p o u lo s  e t  a l., 2008; K u m m a r  e t  a l., 2009). 
F u r th e rm o re ,  th is  s tu d y  d e m o n s tr a te d  th a t  a  10 m g  d o s e  tw ic e  a  d a y  is  su ff ic ie n t to  p r o ­
d u c e  P A R P  in h ib i t io n  in  p e r ip h e ra l  b lo o d  m o n o n u c le a r  ce lls  a n d  is  a  s u ita b le  s ta r t in g  
d o se  fo r  s u b s e q u e n t  p h a s e  I s tu d ie s . S u c h  a  d o s e  w a s  n o t  a s so c ia te d  w i th  s ig n if ic a n t 
a d v e rs e  effects.
H 2 N .
N H3C
F ig u re  2.4.5.: C h e m ic a l s t r u c tu re  o f  A BT-888 f irs t s y n th e t iz e d  b y  A b b o tt  L a b o ra to r ie s  
in  2006. T ak e n  f ro m  D o n a w h o  e t  al. (2007).
A BT-888 h a s  b e e n  te s te d  in  vitro  a n d  in  v ivo  in  se v e ra l tu m o u r  ty p e s  a n d  h a s  b e e n  
s h o w n  to  e n h a n c e  th e  c y to to x ic  e ffec ts  o f  a  b r o a d  s p e c tr u m  o f d ru g s ,  s u c h  a s  a lk y ­
la t in g  a g e n ts ,  in c lu d in g  T M Z , p la t in u m - b a s e d  a g e n ts ,  c a p to th e c in  a n d  i ts  d e r iv a tiv e s  
(D o n a w h o  e t  a l., 2007). In  a d d i t io n ,  A BT-888 m a rk e d ly  in c re a se s  th e  to x ic ity  o f  r a d ia ­
t io n  in  a  r a n g e  o f tu m o u r s ,  in c lu d in g  G B M  (C la rk e  e t  a l., 2009b; D o n a w h o  e t  a l., 2007; 
L iu  e t a l., 2008a). A t p re s e n t ,  A BT-888 is  b e in g  in v e s tig a te d  in  p h a s e  I a n d  II c lin ic a l 
t r ia ls  fo r  se v e ra l h u m a n  c a n c e rs  e i th e r  in  c o m b in a t io n  w i th  cy to to x ic  a g e n ts  o r  a s  a  
m o n o th e ra p y  in  H R -d e f ic ie n t tu m o u r s  (h t tp : / /w w w .c l in ic a l t r ia ls .g o v ).
2.5 C O M B IN E D  R A D IO T H E R A P Y  A N D  C H E M O T H E R A PY
2.5.1 T M Z  and conventional radiotherapy
C o n tra d ic to ry  p re c lin ic a l d a ta  a p p e a r  in  th e  l i te r a tu r e  r e g a rd in g  th e  ro le  o f  T M Z  in  
c o n c o m ita n c e  w i th  ra d ia t io n . W h ile  so m e  s tu d ie s  s u g g e s te d  th a t  T M Z  c a n  e n h a n c e  
tu m o u r  ce ll ra d io se n s it iv ity , o th e r  p a p e r s  r e p o r te d  in d e p e n d e n t  ce ll k ill in g . T ab le  2.5.1 
s u m m a r iz e s  c h a ra c te r is tic s , m o s t  im p o r ta n t  r e s u l ts  a n d  a re a  o f d e f ic ie n c y  o f  11 s tu d ie s  
th a t  e v a lu a te d  ce ll r e s p o n s e  to  T M Z  a n d  X -rays.
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In  vitro  evidence o f  T M Z -m ed ia ted  radiation enhancem ent
T h is  p h e n o m e n o n  w a s  f irs t  n o tic e d  b y  v a n  R ijn  e t  al. (2000) in  o n e  o f  th e  tw o  g lio m a  ce ll 
l in e s  a n a ly z e d . I n  th a t  s tu d y , D 384  a n d  U 251 ce ll l in e s  w e re  e x p o s e d  to  10 a n d  5 p M  
T M Z , re sp e c tiv e ly , e i th e r  24 h  p r io r  to  i r r a d ia t io n  o r  f ro m  30 m in  b e fo re  u n t i l  23.5 h  
fo llo w in g  ir ra d ia t io n .  T h e  s u rv iv a l  c u rv e s  s h o w e d  a  T M Z -in d u c e d  e n h a n c e m e n t  o f 
ce ll k ill in g  in  D 384  ce lls  w i th  T M Z  e x p o s u re  b o th  b e fo re  a n d  a f te r  X -rays. I n  c o n tra s t ,
U 251 ce lls  d id  n o t  e x h ib it  T M Z -m e d ia te d  r a d io s e n s it iz a tio n .  T h e y  a lso  in v e s tig a te d  
th e  e ffec t o f  r e p e a te d  d o s e s  o f  T M Z  o v e r  a  r a n g e  o f  48 to  96 h  p re v io u s  to  r a d io th e ra p y .
A  f u r th e r  e n h a n c e m e n t  in  c y to to x ic ity  w a s  f o u n d  in  D 384  ce lls , w h e re a s  i t  w a s  n o t  
o b s e rv e d  in  U 251 ce lls  b o th  a f te r  48  a n d  96 h  p re -e x p o s u re  to  T M Z . T h is  d if fe re n c e  in  
s u rv iv a l  w a s  n o t  e x p la in e d  b y  th e  a u th o r . O n e  r e a s o n  fo r  th is  m ig h t  h a v e  b e e n  d u e  to  
a  d if fe re n t  M G M T  s ta tu s ,  b u t  b o th  D 384 a n d  U 251 w e re  M G M T -m e th y la te d  ce lls  w i th  
a  h ig h  s e n s it iv i ty  to  T M Z .
A n o th e r  p o te n t ia l  e x p la n a tio n  o f  s y n e rg is m  b e tw e e n  T M Z  a n d  r a d ia t io n  m ig h t  b e  
r e d is t r ib u t io n  in to  th e  G 2-M  p h a s e  o f  th e  ce ll cyc le , k n o w n  a s  b e in g  th e  m o s t  r a d io s e n ­
s itiv e  p h a s e .  H iro s e  e t  a l. (2001) r e p o r te d  a  T M Z -in d u c e d  G 2 -M  a r r e s t  in  U 8 7  a n d  
L N -Z 308  ce ll lin e s . T h is  a r r e s t  b e g a n  tw o  d a y s  a f te r  e x p o s u re  w ith  100 p M  T M Z  fo r  
3 h . H o w ev er, th is  p h e n o m e n o n  w a s  t r a n s ie n t  a n d  th e  a u th o r  s u g g e s te d  th a t  th o s e  ce lls  
th a t  b y p a s s e d  G 2 -M  a r r e s t  w e re  m o re  l ik e ly  to  d ie  d u e  to  r e p e tit iv e  fu tile  ce ll cy c le s  
a s so c ia te d  w i th  O ^ -M e G  m is m a tc h .
W ick  e t  al. (2002) s tu d ie d  th e  in te ra c t io n  o f  r a d ia t io n  a n d  T M Z  in  te rm s  o f ce ll in ­
v a s iv e n e ss . T h e y  f irs t  a n a ly s e d  T M Z  c y to to x ic ity  in  f o u r  g lio m a  ce lls  (L N -18 , T 98G , 
L N -229  a n d  U 87) a n d  f o u n d  m in o r  ce ll k i ll in g  a t  c o n c e n tra t io n s  s m a lle r  th a n  62.5 pM .
In  c o n tra s t,  T M Z -m e d ia te d  in h ib i t io n  o f  in v a s io n  w a s  v is ib ly  s u p e r io r  f ro m  c o n c e n tra ­
tio n s  g re a te r  th a n  16 p M . S u b le th a l d o se s  o f  r a d ia t io n  (1 a n d  3 G y) w e re  s h o w n  to  
e n h a n c e  ce ll in v a s io n , b u t  th is  e ffec t w a s  p ra c tic a lly  a n n u l le d  b y  T M Z  a d d i t io n .  In  
te rm s  o f c lo n o g e n ic  v ia b ility , ir ra d ia t io n  fo llo w e d  b y  e x p o s u re  to  62.5 p M  o f T M Z  d id  
n o t  e n h a n c e  r a d ia t io n  ce ll k illin g . T h is  s tu d y , h o w ev e r, d id  n o t  r e p o r t  th e  M G M T  
m é th y la t io n  s ta tu s  o f  th e  ce ll lin e s , w h ic h  p la y s  a n  im p o r ta n t  ro le  in  T M Z  se n s itiv ity .
T ro g  e t  al. (2005) q u e s t io n e d  th e  e ffec t o f  T M Z  o n  th e  e x p re s s io n  o f  s o m e  ce ll t r a n s ­
p o r te r s  k n o w n  to  m e d ia te  th e  e x p o r t  o f d r u g s  a n d  th e re fo re  in v o lv e d  in  c h e m o re s is -  
ta n ce . T h e y  c h a ra c te r iz e d  th e  g ro w th  c u rv e s  o f  U 8 7  ce lls  fo r  d if fe re n t t r e a tm e n ts ,  e i th e r  
ra d io th e r a p y  a lo n e  o r  T M Z  a t  d if fe re n t c o n c e n tra t io n s , o r  b o th . C e lls  w e re  f o u n d  to  
in c re a se  e x p o n e n tia l ly  w h e n  n o t  tr e a te d  o r  e x p o s e d  to  r a d io th e r a p y  a lo n e  (o n e  s in g le  
2 G y  fra c tio n ); h o w ev e r, th is  h a p p e n e d  w ith  a  s lo w e r  g ro w th  ra te . In  c o n tra s t ,  c e lls
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t r e a te d  w i th  T M Z  a t  l o  a n d  30 p g / m l  (51.5 a n d  154.52 p M , re sp e c tiv e ly , g iv e n  a  T M Z  
m o le c u la r  w e ig h t o f 194.15 g /m o l ) ,  a n d  w i th  c o m b in e d  T M Z -ra d io th e ra p y  s h o w e d  a  
lin e a r  in c re a se  in  ce ll n u m b e r . T h e  lo w e s t c e llu la r  d e n s i ty  w a s  r e p o r te d  u n d e r  c o m ­
b in e d  tr e a tm e n ts .  I t  a p p e a r s  th a t  th e  l in e a r i ty  w a s  m a in ly  a  r e s p o n s e  to  th e  a d d i t io n  
o f  T M Z , w h ic h  o n  i ts  o w n  c a u s e d  a  d e c re a s e  in  c e llu la r  d e n s i ty  o f  85 a n d  89%  a t  d a y  
4  a f te r  tr e a tm e n t  w i th  10 a n d  30 p g / m l  T M Z , re sp e c tiv e ly , c o m p a r e d  to  30%  fo r  th e  
i r r a d ia te d  cells .
C h a k ra v a r t i  e t  al. (2006) d ire c tly  in v e s tig a te d  th e  m e c h a n is m s  b e h in d  T M Z -m e d ia te d  
r a d ia t io n  e n h a n c e m e n t. In  th a t  s tu d y , f o u r  g lio b la s to m a  ce ll lin e s  (U N io , U N i i ,  U N 1 2  
a n d  U N 1 3 ) w e re  t r e a te d  w i th  100 p M  T M Z  fo r  2 h  b e fo re  a n d  d u r in g  i r r a d ia t io n  o r  
th e  s a m e  d o s e  o f T M Z  fo r  6 h  a f te r  r a d io th e r a p y  fo r  a  to ta l  e x p o s u re  t im e  o f  24 h .
T h e  a u th o r  c a lle d  th e s e  tw o  d if fe re n t  t r e a tm e n ts  c o n c u r re n t  a n d  a d ju v a n t  a rm s , r e ­
sp ec tiv e ly . T h e  c lo n o g e n ic  s u rv iv a ls  sh o w e d  a  s ig n if ic a n t d e c re a s e  in  s u rv iv a l  fo r  th e  
c o n c u r re n t  a r m  o n ly  in  th e  M G M T -m e th y la te d  U N io  a n d  U N i i  cells . In  c o n tra s t ,  th e  
M G M T -u n m e th y la te d  U N 1 2  a n d  U N 1 3  ce lls  d id  n o t  r e p o r t  a n y  d if fe re n c e  in  s u rv iv a l  
b o th  in  th e  c o n c o m ita n t a n d  a d ju v a n t  a rm s . A f te rw a rd s ,  th e y  e x a m in e d  ce ll a p o p to s is  
a n d  th e  re s u lts  s h o w e d  a n  a d d i t io n a l  a p o p to tic  p e a k  in  th e  M G M T -m e th y la te d  ce lls  
th a t  re c e iv e d  T M Z  c o n c u r re n tly  to  ra d io th e ra p y . T h is  f u r th e r  in c re a se  in  ce ll d e a th  
s u g g e s te d  th e  n e e d  o f tw o  ce ll d iv is io n s  b e fo re  th e  a p p e a ra n c e  o f T M Z  cy to to x ic ity . In  
fac t, th e  s e c o n d  w a v e  o f a p o p to s is  s ta r te d  a f te r  36 h  f ro m  t r e a tm e n t  a n d  r e a c h e d  a  m a x ­
im u m  a t  72 h . In  a d d i t io n ,  th e  D N A  d a m a g e  a n d  r e p a ir  a n a ly s is  s u g g e s te d  th a t  T M Z  
m ig h t  b o th  e n h a n c e  D N A  d a m a g e  a n d  r e d u c e  r e p a ir  c a p a c ity  in  M G M T -m e th y la te d  
ce lls  on ly . A lth o u g h , th e  re la tiv e  c o n tr ib u t io n  o f T M Z  a n d  r a d io th e r a p y  w a s  n o t  c le a r  
a n d  th e  D N A  d a m a g e  w a s  v is ib ly  le ss  th a n  a d d itiv e . In  o r d e r  to  c o m p a re  a b s o lu te  v a l­
u e s , n o rm a l iz e d  d a ta ,  d e f in e d  as th e  d if fe re n c e  b e tw e e n  th e  c o m b in e d  m o d a l i ty  a n d  
th e  e ffec t o f  T M Z  only , s h o u ld  h a v e  b e e n  r e p o r te d .
A n o th e r  g ro u p  in v e s tig a te d  th e  p o te n tia l  r a d io s e n s i t iz a t io n  o f  T M Z  in  th r e e  M G M T - 
m e th y la te d  g lio m a  ce ll lin e s  (v a n  N if te r ik  e t  a l., 2007). In  th e  s tu d y , A M C -3 0 4 6 , V U - 
109 a n d  VXJ-122 ce lls  w e re  e x p o s e d  to  lo w  c o n c e n tra t io n s  o f  T M Z  (2.5-10 p M ) p r io r  to  
ir ra d ia tio n ;  o n ly  tw o  o f th e  ce ll lin e s  sh o w e d  a  ra d io s e n z i t iz in g  effect. T h e se  f in d in g s  
in d ic a te  th a t  T M Z -m e d ia te d  r a d io s e n s it iz a tio n  se e m s  to  b e  in d e p e n d e n t  o f th e  M G M T  
m é th y la t io n  s ta tu s ; a n d ,  q u e s tio n  th e  c o n c lu s io n s  o f  th e  p r e v io u s  s tu d y  b y  C h a k ra v a r t i  
e t  al. (2006) th a t  M G M T  a b se n c e  s ig n if ic a n tly  e n h a n c e s  th e  sy n e rg is tic  e ffec t b e tw e e n  
r a d ia t io n  a n d  T M Z .
M o re  recen tly , K il e t  al. (2008) e v a lu a te d  th e  e ffec ts  o f  T M Z  c o n c o m ita n tly  w i th  
r a d ia t io n  in  a  h u m a n  g lio m a  ce ll lin e , U 251, a n d  a  b r e a s t  tu m o u r  b r a in  m e ta s ta t ic
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ce ll lin e , M D A -M B -231B R . B o th  ce ll lin e s  la c k e d  th e  M G M T  r e p a ir  e n z y m e . C e lls  
re c e iv e d  T M Z  (50 a n d  25 p M  fo r  U 251 a n d  M D A -M B -231B R , re sp e c tiv e ly )  fo r  1 h  
b e fo re  a n d  d u r in g  ir ra d ia tio n .  To c o m p a re  th e  re la tiv e  effec t o f  T M Z  p lu s  r a d io th e r a p y  
o v e r r a d io th e r a p y  on ly , s u rv iv a l  c u rv e s  w e re  n o rm a l iz e d  fo r  th e  c y to to x ic ity  in d u c e d  
b y  T M Z  a lo n e . T h e  re s u lts  r e p o r te d  a  d o s e  e n h a n c e m e n t  fa c to r  (i.e. r a d ia t io n  d o s e  
w i th o u t  T M Z  d iv id e d  b y  th e  r a d ia t io n  d o s e  w i th  T M Z  fo r  th e  s a m e  b io lo g ic a l effec t, 
in  th is  ca se  10%  su rv iv a l)  g re a te r  th a n  1.3 fo r  b o th  ce ll lin e s . N o  e ffec t o n  ce ll cyc le  
re d is t r ib u t io n  a n d  a p o p to s is  w a s  r e p o r te d .  H o w ev er, th e  d a ta  s u g g e s te d  a n  in h ib i t io n  
o f  D N A  re p a ir ,  w h ic h  m ig h t  tr ig g e r  ce ll d e a th  v ia  m ito tic  c a ta s tro p h e . T h is  is  n o t  
c o n s is te n t  w i th  th e  in c re a se  in  a p o p to s is  r e p o r te d  b y  C h a k ra v a r t i  a n d  c o lle a g u e s ; o n e  
r e a s o n  c o u ld  b e  th e  re la tiv e ly  h ig h  T M Z  c o n c e n tra tio n  (100 p M ) u s e d  in  th a t  s tu d y .
C om bination o f  T M Z  and  radiation results in  independent cell k illing
In  c o n tra s t  to  th e  p re v io u s  p u b lic a t io n s , o th e r  s tu d ie s  r e p o r te d  e v id e n c e  o f  a d d i t iv e ,  a t  
tim e s  su b a d d it iv e ,  ce ll k i ll in g  b e tw e e n  T M Z  a n d  r a d ia t io n  (Table 2.5.1). W e d g e  e t  al.
(1997) a n a ly z e d  o n e  g lio m a  ce ll lin e , U 373 , a n d  a  c o lo re c ta l a d e n o c a rc in o m a  ce ll lin e ,
M a w i. To e v a lu a te  th e  in te ra c t io n  o f  T M Z  a n d  r a d ia t io n ,  th e y  e le g a n tly  r e p o r te d ,  v ia  
th e  is o b o lo g ra m  m e th o d , a d d i t iv i ty  fo r  U 373 a n d  a n ta g o n is m  fo r  M a w i. T h e  iso b o lo -  
g r a m  is  a  g r a p h  th a t  d isp la y s  th e  iso -e ffec t c u rv e s  o f  T M Z  a n d  r a d ia t io n  c o m b in a t io n .
T h e  lin e  o f  a d d i t iv i ty  is  g iv e n  b y  th e  d o se s  o f T M Z  a n d  r a d ia t io n  r e q u ir e d  to  p r o d u c e  
th e  s a m e  e ffec t (e.g . h a l f  m a x im a l e ffec tiv e  c o n c e n tra tio n , EC 50), a n d  if  th e  c o m b in e d  
iso -e ffec t v a lu e s  a re  lo c a te d  b e lo w , o n , o r  ab o v e  th is  lin e , th e y  in d ic a te  sy n e rg y , a d ­
d itiv ity , o r  a n ta g o n is m , re sp e c tiv e ly  (S teel a n d  P e c k h a m , 1979). H o w ev er, th e  r e s u l ts  
b y  W e d g e  e t  al. (1997) c a n  b e  d is p u te d  b e c a u s e  th e y  w e re  o b ta in e d  u s in g  a  m e ta b o lic  
m e th o d  (i.e. m ic ro ti tr a t io n  assay , M T T ), w h ic h  d o e s  n o t  d ire c tly  m e a s u r e  c lo n o g e n ic  
v iab ility .
U s in g  a n  e x te n d e d  p a n e l  o f  12 g lio m a  ce ll lin e s , H e r m is s o n  e t a l. (2006) in v e s ti­
g a te d  th e  a c tiv ity  o f  T M Z  in  re la t io n  to  th e  M G M T  p r o m o te r  m é th y la t io n  s ta tu s .  T h e ir  
f in d in g s  c o n f irm e d  a  h ig h  c o r re la tio n  b e tw e e n  M G M T  ac tiv ity , T M Z  c y to to x ic ity , a n d  
c lo n o g e n ic  s u rv iv a l .  T h re e  ce ll lin e s  e x p re s s e d  h ig h  le v e ls  o f  M G M T , b u t  o n ly  tw o  
e x h ib ite d  h ig h  M G M T  ac tiv ity , w h ile  th e  m a jo r i ty  o f  th e  ce ll lin e s  r e p o r te d  a b s e n c e  
o f  o r  v e ry  lo w  M G M T  activ ity . T h e y  a lso  a n a ly s e d  th e  c o m b in a t io n  o f  T M Z  a n d  r a ­
d ia t io n , lo o k in g  a t  a  p o te n t ia l  r a d ia t io n -m e d ia te d  m o d u la t io n  o f  M G M T  ac tiv ity , b u t  
n o  s ig n if ic a n t c h a n g e  w a s  fo u n d . A d d itio n a lly , T M Z  in te ra c t io n  w i th  r a d ia t io n  w a s  
a s se s s e d  u s in g  th e  s ta n d a r d  c lo n o g e n ic  s u rv iv a l  assay. T h e  re s u lts  d e m o n s tr a te d  a d -
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d itiv e  effec ts  in  b o th  M G M T -u n m e th y la te d  a n d  -m e th y la te d  ce ll lin e s , a l th o u g h  d a ta  
f ro m  o n ly  th re e  r a d ia t io n  d o se s  w e re  r e p o r te d .  Im p o rta n tly , th e y  a lso  f o u n d  th a t  r e s to r ­
in g  th e  P53 fu n c tio n  in  p5 3  m u ta n t  ce lls  c a n  in c re a se  th e  s e n s it iv i ty  to  T M Z  w ith o u t  
n e c e s s a r ily  a l te r in g  th e  M G M T  e x p re ss io n .
C o m b s  e t  a l. (2007) e v a lu a te d  th e  c o m b in a t io n  o f  T M Z  a n d  r a d ia t io n  in  five  g lio m a  
ce ll lin e s  (U 87, L N 229 , L N 18 , N C H 8 2  a n d  N C H 8 9 ). T h e y  e x p o s e d  ce lls  to  20 p M  
T M Z  fo r  a  to ta l  o f  4  h ,  i r r a d ia t io n  w a s  p e r f o rm e d  2 h  a f te r  d r u g  a d m in is t ra t io n .  O n ly  
U 87  ce lls  s h o w e d  a  s l ig h t d e c re a s e  in  s u r v iv in g  f ra c tio n  g iv e n  b y  th e  a d d i t io n  o f  T M Z  
c o m p a re d  to  r a d io th e r a p y  a lo n e . O v e ra ll, n o  s ig n if ic a n t in te ra c t io n  b e tw e e n  T M Z  a n d  
r a d ia t io n  w a s  o b s e rv e d  a n d  i t  w a s  s u g g e s te d  th a t  c o m b in e d  t r e a tm e n t  w i th  T M Z  a n d  
r a d ia t io n  in v o lv e d  a t  b e s t  a d d i t iv e  cy to to x ic ity . I t  s h o u ld  b e  n o tic e d  th a t  th e i r  c o n c lu ­
s io n  w a s  m o s t ly  b a s e d  o n  th e  a n a ly s is  o f  th e  2 G y  s u rv iv a l  fra c tio n . T h is  a s s u m p tio n  
is  lik e ly  to  o v e r lo o k  a  p o te n t ia l  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d io th e ra p y , s in c e  th e  
ra d io s e n s it iz in g  effec t is  g e n e ra lly  m o re  v is ib le  a t  h ig h e r  r a d ia t io n  d o se s .
R e c e n tly  th e  p a p e r  b y  C h a lm e rs  e t  a l. (2009) c le a r ly  s ta te d  th a t  T M Z  is  n o t  a  r a d io s e n ­
s it iz in g  a g e n t a n d  its  c o m b in a t io n  w i th  r a d io th e r a p y  le a d s  to  a d d i t iv e  ce ll k ill in g . In  
th e  s t u d y  fo u r  ce ll lin e s  (T98G , U 373 , U V W  a n d  U 87) w e re  e x p o s e d  to  10 p M  T M Z  fo r  
1 a n d  72 h  p r io r  to  ir ra d ia t io n .  T h e  r e s u l ts  s h o w e d  a d d i t iv e  c y to to x ic ity  w h e n  T M Z  
w a s  a d m in is te re d  fo r  72 h  b u t  n o t  fo r  th e  1 h  p re - ir ra d ia t io n .  M o reo v e r, th e  c o m b in a ­
t io n  o f  T M Z  w i th  r a d io th e r a p y  b r o u g h t  e v id e n c e  o f  a  s u b -a d d it iv e  effec t. In  fac t, th e  
s u rv iv a l  c u rv e s  w e re  sh a llo w e r  a t  h ig h e r  r a d ia t io n  d o se s  o u t l in in g  le ss  ce ll k i l l in g  th a n  
r a d ia t io n  a lo n e . T h e  a u th o r s  s u g g e s te d  th a t  th is  p h e n o m e n o n  c o u ld  b e  e x p la in e d  b y  
a n  u p - m o d u la t io n  o f  th e  M G M T  a c tiv ity  in d u c e d  b y  ra d ia t io n ,  a c tu a lly  f o u n d  in  o n e  
ce ll lin e  a t  24 h  a f te r  t r e a tm e n t  w i th  5 Gy. T h is  h y p o th e s is  is  in  c o n tra s t  w i th  H e r m is ­
s o n  e t  al. (2006) in  w h ic h  n o  s ig n if ic a n t in f lu e n c e  o n  th e  M G M T  a c tiv i ty  w a s  m e a s u r e d  
a f te r  i r r a d ia t io n  a t  4  Gy. C h a lm e rs  e t  a l. (2009) a lso  f u r th e r  in v e s tig a te d  th e  s c h e d u le -  
d e p e n d e n t  a d d i t iv e  effec t b y  lo o k in g  a t  th e  ce ll cyc le , a n d  f o u n d  th a t  T M Z  g iv e n  72 h  
b e fo re  i r r a d ia t io n  o v e r la p p e d  w ith  a  G 2 -M  a r r e s t  a f te r  12 h  f ro m  i r ra d ia t io n .  A  1 h  
p re -e x p o s u re  to  T M Z  p r o d u c e d  o n ly  a  te m p o r a r y  G 2 -M  a r r e s t  a f te r  48  h . T h is  r e s u l t  
w a s  in  lin e  w i th  H iro s e  e t  al. (2001) w h e re  th e y  f o u n d  a  G 2 -M  a r r e s t  2 d a y s  a f te r  T M Z  
e x p o s u re . D N A  d a m a g e  a n d  r e p a ir  w a s  a lso  a n a ly s e d  24 h  a f te r  i r r a d ia t io n  w h ic h  w a s  
p r e c e d e d  b y  72 h  e x p o s u re  to  50 p M  T M Z . A l th o u g h  th e  r e s u l ts  r e p o r te d  a n  in c re a s e d  
n u m b e r  o f  r e s id u a l  D SB s, o v e ra ll th is  e n h a n c e m e n t w a s  n o t  s ig n if ic a n t c o m p a re d  to  
r a d ia t io n  a lo n e .
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2.5.2 T M Z  and  particle therapy
L ittle  p re c lin ic a l d a ta  e x is t o n  h ig h -L E T  r a d ia t io n  o n  G B M  ce ll lin e s  in c lu d in g  th e  c o n ­
c o m ita n t  a p p l ic a t io n  o f c h e m o th e ra p y . C o m b s  e t  al. (2009) in v e s tig a te d  th e  c y to to x ic  
e ffec t o f  10 a n d  20 p M  T M Z  in  a d d i t io n  to  c a rb o n  io n s  o n  tw o  G B M  ce ll l in e s  (U 87 a n d  
L N 229), r e p o r t in g  in d e p e n d e n t  a d d i t iv e  e ffec ts . C e lls  w e re  e x p o s e d  to  T M Z  4  h  b e fo re  
b e in g  i r r a d ia te d  w ith  c a rb o n  io n s  b y  e i th e r  a  m o n o e n e rg e tic  b e a m  (LET 170 k e V /p m )  
o r  a n  e x te n d e d  B ra g g  p e a k  (LET 103 k eV / p m  in  th e  ce n te r) . A l th o u g h  ce ll cyc le  a n a l­
y s is  in d ic a te d  G 2  a c c u m u la t io n  a t  45-65 h  a f te r  T M Z  a d m in is t ra t io n ,  i r r a d ia t io n  a f te r  
48  h  le d  to  a d d i t iv e  ce ll k illin g . T h e  h ig h e r  d o s e  o f  T M Z  f u r th e r  r e d u c e d  s u rv iv a l  s u g ­
g e s tin g  a  d o s e -d e p e n d e n t  cell k ill in g . In  c o n tra s t ,  in v e rse  p r o p o r t io n a l i ty  w a s  r e p o r te d  
w h e n  T M Z  p r e c e d e d  r a d ia t io n  b y  48 h .
M o re  rec en tly , a d d i t iv e  effec ts  o f  c o m b in e d  T M Z  a n d  c a rb o n  io n  i r r a d ia t io n  w e re  
s h o w n  in  C G N H -P M  a n d  U 87  G B M  cell lin e s  (N IR S  r e p o r t ,  p e r s o n a l  c o m m u n ic a tio n ,
J u n e  2010).
2.5.3 TZTRP inhibitor, A B T -888, potentia tes T M Z  and/or radiation
To d a te ,  fe w  s tu d ie s  h a v e  e x p lo re d  th e  ro le  o f  P A R P  in h ib ito r ,  A BT-888, in  c o m b in a t io n  
w i th  T M Z  a n d / o r  r a d ia t io n  fo r  G B M . D o n a w h o  e t  a l. (2007) A rst r e p o r te d  th a t  ABT-8 
is  a b le  to  e n h a n c e  T M Z  c y to to x ic ity  u s in g  a  9L o r th o to p ic  r a t  g lio m a  m o d e l.  ABT-8 
a t  50  m g / k g / d a y  in  c o m b in a t io n  w i th  17.5 m g / k g / d a y  T M Z  r e d u c e d  tu m o u r  v o lu m e  
b y  63%  (44%  m o re  th a n  T M Z  a lo n e ) a n d  p r o lo n g e d  a n im a l s u rv iv a l  in  a  d o s e - re la te d  
m a n n e r .
L ik e w ise , L iu  e t al. (2008b) in v e s tig a te d  th e  c o m b in a t io n  o f  25 m g / k g / d a y  A BT- 
888 w i th  17.5 m g / k g / d a y  T M Z  in  9L o r th o to p ic  r a t  g lio m a  m o d e l.  T h e  c o m b in e d  
tr e a tm e n t  o f  A BT-888 a n d  T M Z  re d u c e d  tu m o u r  g r o w th  b y  60, 67  a n d  52%  m o r e  th a n  
T M Z  a lo n e  o n  d a y s  8 ,1 1  a n d  14 a f te r  tu m o u r  in o c u la t io n , resp ec tiv e ly .
A n  e x te n s iv e  s tu d y  c o n d u c te d  b y  C la rk e  e t  al. (2009b), e v a lu a te d  th e  e fficacy  o f  A BT- 
888 c o m b in e d  w i th  T M Z  a n d / o r  r a d io th e r a p y  in  G B M  x e n o g ra f ts  d e r iv e d  f ro m  p a t ie n t  
tu m o u r  sp e c im e n s . T h e se  d a ta  sh o w e d  th a t  n o t  a ll G B M  tu m o u r s  r e s p o n d  e q u a l ly  
to  c o m b in e d  th e ra p y  w i th  T M Z  a n d  ABT-888. T h e  a d d i t io n  o f  A BT-888 (7.5 m g / k g  
tw ic e  d a ily )  e x te n d e d  m e d ia n  s u rv iv a l  o n ly  in  th e  M G M T -m e th y la te d  x e n o g ra f t  l in e s  
(G B M 12 a n d  G B M 22) c o m p a re d  to  T M Z  a lo n e  (33 m g / k g / d a y ) .  In  c o n tra s t ,  A B T-888 
h a d  n o  effec t in  c o m b in a t io n  w ith  T M Z  o n  th e  re s is ta n t  x e n o g ra f t  lin e s  (G B M 12T M Z ,
2 .5  C O M B IN E D  R A D IO T H E R A P Y  A N D  C H E M O T H E R A P Y  4 I
G B M 14T M Z , G B M 22T M Z  a n d  G B M 39T M Z ). T h e  a d d i t io n  o f  A BT-888 to  r a d io th e r a p y  
o n ly  d id  n o t  p r o v id e  a n y  s u rv iv a l  b e n e f it  o v e r  r a d io th e r a p y  a lo n e  (2 G y /d a y ) .  H o w ­
ever, th e  c o m b in a t io n  o f A BT-888, T M Z  a n d  r a d io th e r a p y  p ro v id e d  a d d i t io n a l  s u rv iv a l  
b e n e f it  in  G B M 12 b u t  n o t  in  G B M 22. E v a lu a tio n  o f  P A R P  a c tiv ity  w a s  a lso  p e r f o rm e d  
in  b o th  T M Z -se n s itiv e  a n d  - re s is ta n t  x e n o g ra f t  lin e s . A BT-888 w a s  h ig h ly  e ffec tiv e  a t  
s u p p r e s s in g  p A D P r  le v e ls  a n d  n o  s ig n if ic a n t d if fe re n c e  in  P A R P  a c tiv ity  w a s  d e te c te d  
b e tw e e n  th e  d if fe re n t tu m o u r  lin e s . T h u s , th e  la c k  o f  c h e m o -s e n s itiz a tio n  w a s  n o t  
r e la te d  to  th e  in a b il i ty  o f  A BT-888 to  in h ib i t  PARP.
M c E llin  e t  al. (2010) in v e s tig a te d  th e  ro le  o f  P T E N  in  r e s p o n s e  to  N -m e th y l-N '-n i t ro -  
N -n i t ro s o g u a n id in e  (M N N G ), a  fu n c tio n a l  a n a lo g  o f T M Z , a n d  ABT-888 u s in g  p r im a r y  
m u r in e  a s tro c y te s  a n d  h u m a n  g lio m a  ce ll lin e s  (U 87 a n d  U 251). P T E N -n u ll ce lls  w e re  
s ig n if ic a n tly  m o re  s e n s itiv e  to  b o th  M N N G  a n d  A BT-888 c o m p a re d  to  P T E N -p ro f ic ie n t 
cells . T h e se  f in d in g s  s u g g e s t  th a t  P T E N  lo ss  p la y s  a n  e s se n tia l ro le  in  th e  H R  r e p a i r  o f 
D N A  b re a k s  a n d  th e  u s e  o f PA R P  in h ib i to r s  m ig h t  r e s u l t  in  s y n th e tic  le th a lity .
M o re  rec en tly , T an g  e t  al. (2011) d e m o n s tr a te d  th a t  o v e r-e x p re ss io n  o f  A A G , to g e th e r  
w i th  in h ib i t io n  o f BER b y  A BT-888, f u r th e r  s e n s itiz e  h u m a n  g lio m a  ce lls  (L N 428  a n d  
T98G ) to  T M Z . A s  p r e v io u s ly  r e p o r te d  in  S u b se c tio n  2.4.2, A A G  in it ia te s  B E R  b y  r e ­
m o v in g  T M Z -in d u c e d  m e th y l  g ro u p s  f ro m  th e  D N A  a n d  c re a tin g  A P  s ite s .
T h e  a n t i tu m o u r  a c tiv ity  o f  ABT-888 in  c o m b in a t io n  w i th  T M Z  a n d / o r  r a d ia t io n  h a s  
a lso  b e e n  e v a lu a te d  in  o th e r  tu m o u r  ty p e s . In  p a r t ic u la r ,  D o n a w h o  e t  a l. (2007) r e ­
p o r te d  th a t  A BT-888 a t  25 m g / k g / d a y  is  a n  e ffec tiv e  r a d io s e n s it iz e r  in  H T C -1 1 6  c o lo n  
m o d e ls  w i th  a  m e d ia n  s u rv iv a l  t im e  o f  36 d a y s  c o m p a r e d  w i th  23 d a y s  w i th  r a d io ­
th e ra p y  a lo n e  (2 G y /d a y ) .  In  a  su c c e ss iv e  s tu d y , A lb e r t  e t  a l. (2007) in v e s t ig a te d  th e  
c o m b in a t io n  o f  ABT-888 w i th  r a d io th e r a p y  in  H 4 6 0  h u m a n  n o n -s m a ll  ce ll lu n g  cancer.
C e lls  w e re  t r e a te d  w i th  5 |xM A BT-888 fo r  6 h  a n d  fo llo w e d  b y  r a d ia t io n  d o s e s  f ro m  
2 to  6 Gy. T h e  SER  a t  25%  s u rv iv a l  w a s  1.27. P a lm a  e t  al. (2008) r e p o r te d  th e  a b i li ty  
o f  A BT-888 to  e n h a n c e  T M Z  a c tiv ity  in  a  b r o a d  s p e c tr u m  o f tu m o u r  ty p e s  r e g a rd le s s  
o f  th e  s e n s it iv i ty  to  T M Z  a lo n e  a n d  th e  M G M T  m é th y la t io n  s ta tu s . L iu  e t  al. (2008a) 
f irs t  te s te d  th e  ro le  o f A BT-888 a s  a  ra d io s e n s i t iz in g  a g e n t  u n d e r  h y p o x ic  c o n d i t io n s  
u s in g  h u m a n  p ro s ta te  (D U -145 a n d  22RV1) a n d  n o n -s m a ll  ce ll lu n g  (H 1299) c a n c e r  ce ll 
lin e s . C e lls  w e re  in c u b a te d  w i th  2.5 p M  A BT-888 fo r  3 h  in  o x ia  o r  h y p o x ia  (0.2%  O 2) 
b e fo re  b e in g  ir ra d ia te d .  A BT-888 w a s  a b le  to  ra d io s e n s it iz e  th e  ce ll lin e s  u n d e r  h p o x ic  
c o n d i t io n s  w i th  SER o f  1.25 to  1.38. H o r to n  e t  al. (2009) e v a lu a te d  th e  re la t iv e  im p o r ­
ta n c e  o f c h a n g e s  in  th e  M M R  s y s te m  a n d  th e  M G M T  m é th y la t io n  s ta tu s .  L e u k e m ia  
ce lls  w i th  v a ry in g  M M R  a n d  M G M T  s ta tu s e s  w e re  e x p o s e d  to  0.5 o r  5 p M  A B T-888 
in  c o m b in a t io n  w i th  in c re a s in g  d o se s  o f T M Z . A lth o u g h  th e  m a x im u m  s e n s i t iz a t io n
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w a s  o b ta in e d  in  M M R -d e fic ie n t ce ll lin e s  w i th  lo w  M G M T  ac tiv ity , o v e r -e x p re s s io n  o f 
M G M T  d id  n o t  p r e v e n t  A BT-888 p o te n t ia t io n  o f  T M Z . L ately , N o w s h e e n  e t a l. (2011b) 
in v e s tig a te d  th e  c o m b in a t io n  o f  A BT-888 w i th  r a d ia t io n  in  h u m a n  h e a d  a n d  n e c k  c a n ­
ce r  ce lls . C e lls  w e re  e x p o s e d  to  3 G y  X -ray s fo llo w e d  b y  v a r io u s  d o se s  o f  A B T-888 f ro m  
1 to  10 pM . T h e  c o m b in a t io n  o f  A B T-888 a n d  r a d ia t io n  s ig n if ic a n tly  r e d u c e d  th e  c lo n o ­
g e n ic  a b i li ty  in  a  d o s e -d e p e n d e n t  m a n n e r . A B T -8 8 8 -m e d ia ted  a t te n u a t io n  o f  N H E J  
r e p a ir  w a s  a lso  s h o w n  b y  th e  r e d u c t io n  o f  p h o s p h o -T h re o n in e  2609 D N A -P k  fo c i b y  
m o re  th a n  30% . In te re s tin g ly , a  s u b s e t  o f  ce lls , w h ic h  s h o w e d  e le v a te d  b a s a l  le v e ls  o f 
p A D P r, a lso  e x h ib ite d  s ig n if ic a n t s e n s it iv i ty  to  A BT-888 a lo n e .
2.6 SU M M A R Y
I n  th e  p a s t  d e c a d e , s ig n if ic a n t p ro g re s s  h a s  b e e n  a c h ie v e d  in  th e  t r e a tm e n t  o f G B M ; 
h o w ev e r, p a t ie n t  o u tc o m e  re m a in s  p o o r , w i th  a  m e d ia n  s u rv iv a l  ju s t  o v e r  14 m o n th s .
O p tim a l p o s t-o p e ra tiv e  t r e a tm e n t  in v o lv e s  r a d io th e r a p y  a n d ,  rec en tly , c o n c o m ita n t  
a n d  a d ju v a n t  c h e m o th e ra p y  w i th  T M Z . R a d io th e ra p y  is  th e  m a in s ta y  o f  t r e a tm e n t  
fo r  G B M , w i th  d o s e  a n  im p o r ta n t  d e te r m in a n t  o f tu m o u r  co n tro l. T h e re  h a v e  b e e n  
m a n y  e ffo rts  to  e s c a la te  th e  r a d ia t io n  d o s e  b e y o n d  60 Gy, b u t  n o n e  d e m o n s tr a te d  a n y  
s ig n if ic a n t s u rv iv a l  a d v a n ta g e  o v e r c o n v e n tio n a l ra d io th e ra p y .
P a r tic le  th e ra p y  is  a  r a p id ly  e m e rg in g  r a d io th e r a p e u tic  m o d a lity , w h ic h  e n a b le s  th e  
t r e a tm e n t  o f  h ig h ly  r a d io r e s is ta n t  m a lig n a n t  tu m o u r s ,  lik e  G B M , w i th  h ig h  c o n fo rm ity  
a n d  p re c is io n . H o w ev er, n o  r a n d o m iz e d  c o n tro l le d  tr ia ls  h a v e  b e e n  c a r r ie d  o u t  to  
p ro v id e  h ig h  lev e l e v id e n c e  to  s u p p o r t  th e  u s e  o f  p a r t ic le  th e ra p y  a n d  i ts  c o m b in a t io n  
w i th  o th e r  th e ra p e u tic  m o d a li t ie s  s u c h  a s  T M Z  c h e m o th e ra p y .
T h e  ro le  o f c h e m o th e ra p y , in  p a r t ic u la r  T M Z , is  a  c o n tro v e rs ia l to p ic . T h e re  is  a  
d e b a te  a m o n g s t  c lin ic ia n s  a s  to  w h e th e r  th e  m a jo r  b e n e f it  o f T M Z  c o m e s  f ro m  its  e f­
fec ts  w i th  c o n c u r re n t ra d io th e ra p y , o r  d u e  to  th e  s ix  cyc les o f  a d ju v a n t  t r e a tm e n t ,  o r  
b o th . A  n u m b e r  o f p re c lin ic a l s tu d ie s  s u p p o r t  a  s y n e rg is tic  e ffec t b e tw e e n  c o n c u r re n t  
T M Z  a n d  r a d ia t io n  in  fa v o u r  o f ra d io s e n s it iz a tio n . In  c o n tra s t ,  so m e  o th e r  s tu d ie s  
r e p o r te d  T M Z  in d e p e n d e n t  a d d i t iv e  cy to to x ic ity . C la r ify in g  th e  n a tu re  o f  th e  in te r a c ­
t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  is  n e e d e d  to  o p tim is e  th e  c o m b in a t io n  o f  t r e a tm e n t  
m o d a li t ie s  fo r  th is  a g g re s s iv e  tu m o u r  ty p e . M o reo v e r, lit t le  p re c lin ic a l d a ta  e x is t  o n  
h ig h -L E T  r a d ia t io n  w i th  T M Z  o n  G B M  cell lin e s , m a k in g  th is  a n o th e r  su b je c t n e e d in g  
in v e s tig a tio n .
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P re d ic t io n  o f b e n e f it  is a n o th e r  im p o r ta n t  a s p e c t in  G B M  th e ra p y . T h e  th e r a p e u ­
tic  b e n e f it  o f  T M Z  is re la te d  to  in d u c t io n  o f m e th y l a d d u c ts  to  th e  O ^ -p o s i t io n  o f 
g u a n in e  in  D N A . F o rm a tio n  o f O ^ -m e G  g e n e ra te s  in c o rre c t b a s e  p a i r in g  u l t im a te ly  
le a d in g  to  cy to to x ic ity . S ile n c in g  o f  th e  M G M T , m e d ia te d  b y  g e n e  p r o m o te r  m é th y la ­
t io n , h a s  b e e n  p r o p o s e d  a s  a n  in d e p e n d e n t  p r o g n o s tic  a n d  p re d ic tiv e  fa c to r  o f  b e n e f it  
f ro m  T M Z . H e n c e , th e re  is  a  s t r o n g  c lin ic a l n e e d  fo r  n o v e l t r e a tm e n t  a p p ro a c h e s  to  im ­
p ro v e  o u tc o m e s  in  th e  u n m e th y la te d  M G M T  p r o m o te r  tu m o u r  g ro u p . O n e  s u c h  n o v e l 
a p p r o a c h  u s e s  th e  c o m b in a t io n  o f T M Z  a n d / o r  r a d ia t io n  w i th  in h ib i to r s  o f  D N A  r e ­
p a i r  e n z y m e s , s u c h  a s  P A R E  P A R P  in h ib i t io n  c a n  d is r u p t  th e  BER p a th w a y ; a n d ,  th e  
u n r e p a ir e d  SSBs, in d u c e d  b y  e n d o g e n o u s  D N A  d a m a g in g  a g e n ts ,  e v e n tu a lly  le a d  to  
in c re a s e d  cy to to x ic ity .
A BT-888, u s e d  in  th e  p r e s e n t  s tu d y , is  a  n o v e l a n d  p o te n t  P A R P  in h ib i to r  w i th  g o o d  
p e n e tr a t io n  in to  th e  BBB. R e c e n t p re c lin ic a l d a ta  h a v e  s h o w n  th a t  A B T-888 is  a b le  to  
in c re a se  T M Z  a n d  r a d ia t io n  ce ll k ill in g  ac ro ss  a  s p e c tr u m  o f tu m o u r  ty p e s , in c lu d in g  
G B M . H o w e v e r, i t  is  n o t  y e t  c le a r  w h e th e r  A B T -8 8 8 -m e d ia ted  s e n s it iz a t io n  to  T M Z  is 
in d e p e n d e n t  o f  M G M T . In d e e d , th e re  is  s ti ll  m u c h  to  b e  le a r n t  a b o u t  th e  b io lo g y  o f 
P A R P  its e lf  a n d  th e  u n d e r ly in g  m e c h a n is m s  o f  in te ra c t io n  b e tw e e n  A BT-888, T M Z  a n d  
ra d ia tio n .
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3.1 IN T R O D U C T IO N
G iv e n  th e  c le a r  efficacy  o f c o m b in e d  c h e m o th e ra p y  a n d  ra d io th e ra p y , in c lu d in g  th e  
a d ju v a n t  c h e m o th e ra p y  p h a s e  r e p o r te d  b y  S tu p p  e t  al. (2005), i t  m ig h t  n o w  b e  d iffi­
c u l t  to  p e r fo rm  a  c lin ic a l t r ia l  in  G B M  c o m p a r in g  th e  e ffec ts  o f  T M Z  g iv e n  d u r in g  
r a d io th e r a p y  a lo n e , w i th  T M Z  g iv e n  o n ly  in  th e  a d ju v a n t  s e ttin g , o r  w i th  th e  c o n c o m i­
ta n t  a n d  a d ju v a n t  sc h e d u le . H o w ev er, i t  s h o u ld  b e  n o te d  th a t  th is  is s u e  is  n o w  b e in g  
in v e s tig a te d  in  th e  E O R T C  26053-22054 tr ia l  o n  a n a p la s tic  a s tro c y to m a  (S tu p p  e t  a l., 
2009).
T h u s  in  th is  s tu d y , m a th e m a tic a l  m o d e ll in g  w a s  e m p lo y e d  a s  a  m e a n s  w h e re b y  th e  
p o te n t ia l  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  c a n  b e  e x p lo re d . T h is  c h a p te r  is  a
44
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s u m m a r y  o f  th e  m a in  m o d e ll in g  a c h ie v e m e n ts , w h ic h  h a v e  b e e n  p u b l is h e d  in  th e  Jour­
nal o f  Theoretical B iology  in  2010. F o r  f u r th e r  d e ta ils  th e  r e a d e r  is  r e fe r re d  to  B a ra z z u o l 
e t  a l. (2010).
T h e  f irs t  p a r t  o f  th is  c h a p te r  b r ie f ly  p re s e n ts  th e  d e v e lo p m e n t o f  th e  in i t ia l  m a th e ­
m a tic a l m o d e l.  T h is  m o d e l  w a s  o r ig in a lly  d e v e lo p e d  to  e x tra c t b io lo g ic a l in fo rm a tio n  
f ro m  c lin ic a l d a ta  o f  p a t ie n ts  w i th  G B M  tr e a te d  w i th  r a d io th e r a p y  a lo n e , to  d e m o n ­
s tr a te  th e  a d v e rs e  e ffec t o f  d e la y s  in  s ta r t in g  r a d io th e r a p y  a n d  to  e v a lu a te  th e  p o te n t ia l  
fo r  r a d io th e r a p y  d o s e  e s c a la tio n  (B u rn e t e t  a l., 2006; K irk b y , 2007; K irk b y  e t  a l., 2007b).
In  th e  p r e s e n t  w o rk , th e  e ffec ts  o f  c h e m o th e ra p y  w e re  in c o rp o ra te d  in  th e  m o d e l  
to  s tu d y  th e  d ire c t  a n t i tu m o u r  a c tiv i ty  o f T M Z . T h e  in te ra c t io n  b e tw e e n  T M Z  a n d  
r a d io th e r a p y  is  lik e ly  to  b e  d u e  to  a  c o m b in a t io n  o f  m e c h a n is m s  th a t  in c lu d e  se v e ra l 
b io lo g ic a l p a th w a y s .  T w o e x tre m e  sc e n a r io s  w e re  c o n s id e re d  in  th is  m o d e l:  S c e n a r io  
1, T M Z  a s  a  r a d io s e n s it iz e r ;  a n d .  S c e n a rio  2, T M Z  a s  a  c y to to x ic  d r u g ,  in d e p e n d e n t  
o f  ra d io th e ra p y . A n o th e r  k e y  a s p e c t  is  th e  in c o rp o ra t io n  o f  th e  lin e a r  q u a d r a t ic  (LQ ) 
e q u a t io n  (H a ll a n d  G iacc ia , 2006), in  o rd e r  to  e s t im a te  th e  in  vivo  'a lp h a -b e ta  r a t io ' o f  
G B M  tu m o u r  ce lls  a n d  th e  e q u iv a le n t e ffec t o f  T M Z  in  b io lo g ic a lly  e ffec tiv e  d o s e  (BED) 
u n i ts  o f  ra d io th e ra p y .
F ina lly , th e  r e s u lts  fo r  b o th  sc e n a r io s  a re  p r e s e n te d ,  f i t t in g  th e  m o d e l to  h a l f  o f  th e  
d a ta  s e t  o f th e  E O R T C -N C IC  tr ia l  (S tu p p  e t  a l., 2005). In  a d d i t io n ,  th e  r e s u l ts  a re  
in d ir e c tly  v a l id a te d  b y  c o m p a r in g  th e  e q u iv a le n t ra d io b io lo g ic a l p a r a m e te r s  e x t ra c te d  
f ro m  b o th  a rm s  o f  th e  tr ia l  w i th  p re v io u s ly  p u b l is h e d  s tu d ie s .
3.2 C L IN IC A L  D A T A
A  r a n d o m ly  se le c te d  h a lf  o f th e  d a ta  se t o f  th e  E O R T C -N C IC  tr ia l  26981-22981/C E .3  
w a s  k in d ly  re le a s e d  b y  T h ie r ry  G o rlia , E O R TC . C lin ic a l d a ta  w e re  p r o v id e d  fo r  287  
p a t ie n ts ,  r a n d o m ly  se le c te d  f ro m  a  to ta l  o f  573 p a t ie n ts  w h o  p a r t ic ip a te d  in  th e  o r ig in a l  
r a n d o m is e d  tr ia l  (S tu p p  e t  a l., 2005). P a tie n ts  in  th a t  s tu d y  h a d  to  fu lfil r ig o ro u s  
e l ig ib il ity  c r ite r ia , a n d  w i th in  6 w e e k s  o f b io p s y  o r  su rg ic a l re se c tio n  w e re  r a n d o m ly  
a llo c a te d  to  re c e iv e  r a d io th e r a p y  a lo n e , o r  r a d io th e r a p y  p lu s  c o n c o m ita n t  a n d  a d ju v a n t  
T M Z  (Fig. 3.2.1). R a d io th e ra p y  c o n s is te d  o f  a  d o s e  o f 2 G y  p e r  f ra c tio n  g iv e n  5 d a y s  
p e r  w e e k  fo r  6 w ee k s . C o n c o m ita n t  c h e m o th e ra p y  c o n s is te d  o f  o ra l  T M Z  (75 m g / m ^  
p e r  d ay ), g iv e n  d a i ly  f ro m  th e  f irs t to  th e  la s t  d a y  o f  r a d io th e r a p y  in c lu d in g  w e e k e n d  
d a y s  w h e n  r a d io th e r a p y  w a s  n o t  g iv e n . A d ju v a n t  c h e m o th e ra p y  c o m p ris e d  6 cy c le s  o f 
T M Z  g iv e n  fo r  5 d a y s  e v e ry  28 d a y s , w ith  a  d o s e  o f  150 m g /m ^  fo r  th e  f irs t  cyc le , th e n
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200 m g /m ^  fo r 5 s u b s e q u e n t  cycles. T h e  t im e  d e la y  b e tw e e n  th e  f irs t p r e s e n ta t io n  to  
th e  o n c o lo g y  u n i t  a n d  th e  c o m m e n c e m e n t o f th e  t r e a tm e n t  h a d  a  m e a n  o f  52.15 d a y s , 
v a r ia n c e  28 d ay s^  fo r  th e  r a d io th e r a p y  o n ly  a rm , a n d  a  m e a n  o f 43.4 d a y s , v a r ia n c e  
11 d ay s^  fo r  th e  r a d io th e r a p y  p lu s  T M Z  a rm . T h e  su rv iv a l  d a ta  in  th e  fo rm  o f K a p la n -  
M e ie r  s u rv iv a l  c u rv e s  (K a p la n  a n d  M e ie r , 1958) a re  sh o w n  in  F ig . 3.2.2.
RTONLY
Radiotherapy 30 x 2 Gyiiiu m  M  mu mu mu
RT plus TMZ
Radiotherapy 30 x 2 Gym u m  mu mu mu mu Cycle 1
Time [wks]
Cycle 2 x 6 cycles
TMZ 75 mg/m  ^
everyday x 6 wks
TMZ 150-200 mg/m2 
everyday x 5 days 
every 28 days for 6 cycles
Time [wks]
F ig u re  3.2.1.: T re a tm e n t sc h e m e  o f th e  E O R T C -N C IC  tr ia l  26981-22981/C E .3 . RT o n ly  
= r a d io th e r a p y  o n ly ; RT p lu s  T M Z  = r a d io th e r a p y  p lu s  c o n c o m ita n t  a n d  
a d ju v a n t T M Z .
m
>
£3
(f)
<D
>
0.8
0.6
0.2
500 1000 1500 2000 2500
 RT only
 RT plus TMZ
Time (days)
F ig u re  3.2.2.: K a p la n -M e ie r  su rv iv a l  p lo ts  a c c o rd in g  to  th e  tr e a tm e n t  g r o u p  fo r  h a l f  o f 
th e  d a ta  se t o f th e  E O R T C -N C IC  tr ia l  26981-22981/C E .3 .
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3.3 M O D E L L IN G
3.3.1 The original model
A  d e ta i le d  d e s c r ip tio n  o f  th e  in it ia l  v e rs io n  o f  th e  m o d e l  is  g iv e n  in  K irk b y  e t  al. (2007b). 
B riefly , th e  m o d e l is  b a s e d  o n  th re e  m a in  levels . A t th e  f irs t  lev e l, th e  s in g le  p a t ie n t  is 
m o d e lle d  a t  a  c e llu la r  sc a le  u s in g  e x p o n e n tia l  g ro w th  fo r  th e  tu m o u r  ce lls  (C (t)) :
C ( t)  =  C o e x p (k c t)  (3.1)
w h e r e  Co is  th e  n u m b e r  o f  c a n c e r  ce lls  in  th e  b r a in  a t  p r e s e n ta t io n  ( t  =  0) (cells) a n d  
kc is  th e  r a te  c o n s ta n t  fo r  c a n c e r  ce ll g ro w th  (d ay s~ ^ ). T h e  tu m o u r  in d ir e c tly  c a u se s  
n o r m a l  ce ll (N ( t) )  d a m a g e  v ia  a n  a s s u m e d  re a c tio n , N  +  C ^  C (K irk b y  e t  a l., 2007b). 
H e n c e  th e  n u m b e r  o f n o r m a l  b r a in  ce lls  w i th  t im e  is  g iv e n  b y
N ( t )  =  N o ex p  f (e x p (k c t)  - 1 ) 1  (3.2)
w h e r e  N o is  th e  n u m b e r  o f  n o rm a l  b r a in  ce lls  le f t a t  p r e s e n ta t io n  (cells) a n d  k n  is  th e  
r a te  c o n s ta n t  fo r  e l im in a tio n  o f  n o r m a l  ce lls  (ce lls"^  d a y s " ^ ) .  D e a th  o c c u rs  w h e n  th e  
n o r m a l  b r a in  ce ll n u m b e r  fa lls  b e lo w  a  c r itica l lev e l (N c r i t)  th a t  is  r e q u ir e d  fo r  th e  
p a t ie n t  to  r e m a in  a live .
T h e  t r e a tm e n t,  w h ic h  is  re s p o n s ib le  fo r  th e  te m p o r a r y  a r r e s t  o r  c o m p le te  d e s tru c t io n  
o f  th e  tu m o u r  v o lu m e , is  r e p r e s e n te d  b y
~  (3-3)
w h e r e  t^ e ta g  r e p re s e n ts  th e  tim e  d e la y  to  c o m m e n c e  t r e a tm e n t  f ro m  p r e s e n ta t io n  
(d ay s), r e p r e s e n t  re sp e c tiv e ly  a  t im e  ju s t  a f te r  a n d  b e fo re  th e  r a ­
d ia t io n  t r e a tm e n t  (d ay s), Xg is  th e  s u rv iv a l  f ra c tio n  a f te r  a  s in g le  e x p o s u re  o f  r a d ia t io n  
(d im e n s io n le ss ) , a n d  j is  th e  n u m b e r  o f f ra c tio n s  o f  r a d io th e r a p y  (d im e n s io n le s s ) . T w o 
a s s u m p tio n s  a re  m a d e  in  Eq. 3.3; th a t  a ll th e  r a d ia t io n  e x p o s u re s  a re  d e l iv e re d  a t  th e  
s a m e  in s ta n t  a n d  th a t  a ll th e  n o rm a l  b r a in  ce lls  s u rv iv e  th e  t re a tm e n t.
A t  th e  s e c o n d  lev e l, M o n te  C a rlo  s im u la t io n  is  u s e d  to  g e n e ra te  a  p o p u la t io n  o f  
p a t ie n ts  fo r  a  v ir tu a l  c lin ic a l tr ia l. T h e  m o d e l is  th e n  a s se s s e d  b y  c o m p a r in g  th e  in  silico  
p a t ie n t  s u rv iv a l  c u rv e  w i th  th e  re a l c lin ic a l tr ia l  s u rv iv a l  cu rv e . T h e  m a in  p a r a m e te r s  
fo r  a n  in d iv id u a l  p a t ie n t  a re :
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1. th e  n u m b e r  o f  n o r m a l  b r a in  ce lls  a t  p r e s e n ta t io n ,  N q;
2. th e  tu m o u r  d o u b lin g  tim e , t o ;
3. th e  r a te  c o n s ta n t  fo r  d a m a g e  to  n o r m a l  cells , kn.;
4. th e  d e la y  to  s ta r t  t r e a tm e n t,  td e ia y ;
5. th e  c rit ic a l n u m b e r  o f n o r m a l  b r a in  ce lls  n e e d e d  fo r  th e  p a t ie n t  to  r e m a in  a liv e ,
N c r i t /
6. th e  s u r v iv in g  f ra c tio n  o f  tu m o u r  ce lls  a f te r  e a c h  f ra c tio n  o f  ra d io th e ra p y , Xs-
T h e  v a lu e s  o f th e s e  p a r a m e te r s  a re  a s s u m e d  to  b e  r a n d o m ly  d is t r ib u te d ;  a n d ,  th e  m e a n  
a n d  v a r ia n c e  o f th e s e  d is t r ib u t io n s  a re  v a r ie d  in  o r d e r  to  m o s t  c lo se ly  m a tc h  th e  c lin ic a l 
d a ta .
A t  th e  th i r d  level, th e  v a lu e s  o f  th e  u n k n o w n  p a r a m e te r s  in  th e  p ro b a b il i ty  d is t r i ­
b u t io n s  a re  d e te r m in e d  b y  f it t in g  th e  m o d e l  to  th e  re a l  c lin ic a l s u rv iv a l  d a ta  u s in g  
a  c o m b in a t io n  o f  fo ld in g  p o ly g o n  a n d  s im u la te d  a n n e a l in g  te c h n iq u e s  (K irk b y  e t  al., 
2007b).
In  a d d i t io n ,  th e  m o d e l  c o n ta in s  a  m a th e m a tic a l  r e p r e s e n ta t io n  o f  th e  p a t ie n t  e lig ib il­
i ty  c r ite r ia , w h ic h  d e l in e a te  th e  p a t ie n t  ta rg e t  p o p u la t io n  to  b e  in c lu d e d  in  a  c lin ic a l 
tr ia l. In  effect, th e  c o m p u te r  c a n  g e n e ra te  p a t ie n ts  w h o s e  c o n d it io n s  a re  to o  'p o o r ly ' 
to  b e  e lig ib le  fo r  th e  r a d ic a l  tr e a tm e n t.  T h e  m o d e l  c a n  e s tim a te  h o w  lo n g  th e  p a t ie n t  
w o u ld  s u rv iv e  w i th o u t  t r e a tm e n t  a t  th e  m o m e n t  o f  p r e s e n ta t io n  a n d  s ta r t  o f  th e  t r e a t ­
m e n t. T h e se  v a lu e s  a re  th e n  u s e d  a s  a  b a s is  fo r  c h o o s in g  w h a t  ty p e  o f  t r e a tm e n t  to  
o ffe r (e.g . r a d ic a l  o r  p a l lia tiv e  tre a tm e n t) .  T h o se  p a t ie n ts  w h o  a re  a l r e a d y  in  p o o r  
c o n d it io n  a n d  th e re fo re  w o u ld  n o t  b e n e f it  f ro m  ra d ic a l  t r e a tm e n t  (w h e re  'r a d ic a l ' is  
in te n d e d  to  m e a n  'w i th  c u ra tiv e  in te n t ')  a re  d ire c tly  re je c te d  b y  th e  m o d e l.
3.3.2 The chem o-radiotherapy model
In  th is  w o rk , th e  o r ig in a l m o d e l w a s  e x te n d e d  to  in c lu d e  c h e m o th e ra p y  a n d  r a d io -  
b io lo g y . In  o r d e r  to  m o d e l  c h e m o -ra d ia tio n  th e ra p y , tw o  d if fe re n t p o s s ib le  s c e n a r io s  
w e re  c o n s id e re d , th a t  T M Z  (1) m a y  im p ro v e  s u rv iv a l  p o te n t ia t in g  th e  lo c a l e ffica cy  o f  
ra d io th e ra p y , o r  (2) m a y  h a v e  a n  in d e p e n d e n t  e ffec t o f  d ire c tly  k ill in g  th e  tu m o u r  ce lls .
I t  s h o u ld  b e  n o tic e d  th a t  b o th  th e  p h a rm a c o k in e tic  a n d  th e  p h a r m a c o d y n a m ic  a s ­
p e c ts  o f  th e  d r u g 's  a c tiv i ty  w e re  c o n s id e re d  b e fo re  d e v e lo p in g  th e  n e w  m o d e l.  T h e  
s h o r t  h a lf- life  (1.8 h ) a n d  r a p id  a b s o rp t io n  (m a x im u m  c o n c e n tra tio n  a c h ie v e d  in  0 .9  h )
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s u g g e s te d  th a t  n o  m o d e l l in g  o f  s te a d y -s ta te  d r u g  a c c u m u la t io n  w a s  n e c e s s a ry  (B rad a  
e t  ah , 1999; H a m m o n d  e t  ah , 1999). T h e  c h e m o -p h a rm a c o d y n a m ic s  w a s  a s s u m e d  to  
p o s s e s s  s im ila r  c h a ra c te r is tic s  to  th o s e  o f  ra d ia t io n ,  s u c h  a s  th e  c o n c e p ts  o f  tu m o u r  ce ll 
k i ll in g  a n d  th e ra p e u tic  g a in  (S teel, 2002).
Scenario 1: radiosensitization
In  th is  sc e n a rio , th e  r a d ia t io n  e n h a n c e m e n t  o f  T M Z  o n  th e  s u r v iv in g  f ra c tio n  o f  c a n c e r  
ce lls  w a s  c a lc u la te d  in  r e s p o n s e  to  e a c h  s in g le  e x p o s u re  o f ra d ia t io n .  T h is  im p lie s  
th a t  th e  T M Z  effec t is  a s so c ia te d  w i th  e a c h  d o s e  o f  r a d ia t io n  s u c h  th a t  a  d o s e  o f  2 G y  
to g e th e r  w i th  th e  d r u g  k ills  a  la rg e r  n u m b e r  o f  ce lls  th a n  a  2 G y  d o s e  o f r a d ia t io n  
a lo n e .
I t  is  n o w  a p p r o p r ia te  to  r e i te ra te  tw o  im p o r ta n t  e q u a tio n s . F irs tly , th e  t r e a tm e n t  
m o d e l  e q u a t io n  (Eq. 3.3) is  s lig h tly  c h a n g e d  f ro m  th e  o r ig in a l m o d e l.  T h e  p re v io u s  
m o d e l  a s s u m e d  th a t  r a d io th e r a p y  w a s  a p p l ie d  in s ta n ta n e o u s ly  (i.e. a ll e x p o s u re s  o f  th e  
f ra c tio n a te d  c o u rse  d e l iv e re d  a t  th e  s a m e  in s ta n t  o f  tim e )  (K irk b y  e t a l., 2007b). In  th e  
p r e s e n t  m o d e l,  th e  t im e  p a t te r n s  o f d e l iv e ry  o f  b o th  th e  r a d io th e r a p y  a n d  c h e m o th e r ­
a p y  s c h e d u le s  a re  fo llo w e d  m o re  exactly . S eco n d ly , th e  s ta tis t ic a l d is t r ib u t io n  o f  th e  
c a n c e r  ce ll s u rv iv a l  f ra c tio n  in  r e s p o n s e  to  o n e  f ra c tio n  o f  r a d io th e r a p y  (xg) is  c re a te d .
A  p a r t ic u la r  d e n s ity  fu n c tio n  w a s  u s e d ,  d e r iv e d  f ro m  a  n o rm a l iz a t io n  o f  a  m o d if ie d  
n o r m a l  d is t r ib u t io n  (i.e. th e  p r o b a b il i ty  d is t r ib u t io n  is  c o n s tra in e d  w i th in  th e  in te rv a l  
0-1) a s  fo llo w s:
p (x s )  = k s x p - ( l - X g ) ^ e x p ( a s X s )  (3.4)
T h is  d is t r ib u t io n  d e p e n d s  o n  th re e  p o s it iv e , d im e n s io n le s s ,  s h a p e  p a r a m e te r s  (n ,  m  
a n d  cxg), w h ic h  d e f in e  th e  p ro b a b il i ty  d e n s i ty  fu n c tio n .
T h e  q u a n tif ic a tio n  o f  th e  c h e m o th e ra p y  effec t c a n  b e  m a d e  b y  f irs t f i t t in g  th e  m o d e l  
to  th e  r a d io th e r a p y  o n ly  d a ta ,  le t t in g  a ll th e  p a r a m e te r s  o f  th e  m o d e l  v a r y  e x c e p t fo r  
th o s e  p a r a m e te r s  k n o w n  a priori (i.e. th e  m e a n  a n d  th e  v a r ia n c e  o f th e  d e la y  to  s ta r t  th e  
t r e a tm e n t,  td e la y  ) e x tra c te d  d ire c tly  f ro m  th e  c lin ic a l d a ta ,  a n d  th e  m e a n  o f  th e  c r it ic a l 
n u m b e r  o f n o r m a l  ce lls  (M erit)/ th e  v a lu e  o f  w h ic h  is  c o n s is te n t  w i th  p re v io u s  b r a in  
s tu d ie s  (K irk b y  e t a l., 2007b). T h e n  th e  m o d e l  w a s  re f it te d  to  th e  r a d io th e r a p y  p lu s  
T M Z  d a ta ,  k e e p in g  c o n s ta n t a ll th e  o th e r  p a r a m e te r s  a n d  a l lo w in g  o n ly  th e  p a r a m e te r s  
(n , m  a n d  ocg) d e te rm in in g  th e  s u rv iv a l  f ra c tio n  d is t r ib u t io n  to  c h a n g e .
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Scenario 2: independent cy to tox ic ity
I t  w a s  th e n  s u p p o s e d  th a t  T M Z  h a s  a  d ire c t  e ffec t o n  th e  tu m o u r  a n d  n o  effec t o n  
th e  ra d io s e n s it iv i ty  o f  G B M  cells . In  o rd e r  to  d e v e lo p  th is  s c e n a rio , a  c h e m o th e ra p y  
m o d u le  w a s  a d d e d  to  th e  o r ig in a l m o d e l,  w h ic h  a s s u m e s  th a t  th e  d r u g  k ills  th e  c a n c e r  
ce lls  in d e p e n d e n tly .
A s  d e s c r ib e d  a b o v e , th e  c u r r e n t  s ta n d a r d  c h e m o th e ra p y  c o n s is ts  o f  a  to ta l  o f  72 
d o se s : 42  d o s e s  a re  a d m in is te r e d  c o n c o m ita n tly  w i th  r a d io th e r a p y  a n d  30  d o s e s  a re  
g iv e n  d u r in g  th e  a d ju v a n t  t r e a tm e n t  (Fig. 3.2.1). To in c o rp o ra te  th e  in d e p e n d e n t  c y to ­
to x ic ity  o f  c h e m o th e ra p y , E q . 3.3 w a s  m o d if ie d  a s  fo llo w s:
) ^ ^ ^ d e la y  ^ N t^ c h e m o  ( 3 ’5 )
w h e r e  t  a n d  r e p re s e n t,  re sp e c tiv e ly , a  t im e  ju s t  a f te r  a n d  b e fo re  th e  t r e a t ­
m e n t  (d ay s), w h e r e  Xchemo d e n o te s  th e  s u rv iv a l  f ra c tio n  o f  c a n c e r  ce lls  (d im e n s io n le ss )  
a f te r  a  s in g le  d o s e  o f  T M Z , X rt is  th e  s a m e  a s  th e  Xg o f  E qs. 3.3 a n d  3.4, w h ic h  d e s c r ib e s  
th e  s u rv iv a l  f ra c tio n  a f te r  e a c h  2 G y  f ra c tio n  o f  r a d io th e r a p y  (d im e n s io n le ss ) , j a n d  i  
in d ic a te , re sp e c tiv e ly , th e  n u m b e rs  o f  r a d ia t io n  a n d  T M Z  e x p o s u re s  (d im e n s io n le s s ) .
I t  w a s  a s s u m e d  th a t  th e  c h e m o -s u rv iv a l f ra c tio n  (xchem o) d id  n o t  d e p e n d  o n  th e  d o s e  
in te n s ity  in  th e  r a n g e  o f  d o s a g e  u s e d  in  th e  E O R T C -N C IC  s tu d y . S ta tis tica lly , th e  
c h e m o -s u rv iv a l f ra c tio n  w a s  t r e a te d  in  th e  s a m e  w a y  a s  th e  r a d io - s u rv iv a l  f ra c tio n  (see  
E q. 3.4). T h e  m o d e l,  f i t te d  p re v io u s ly  to  th e  r a d io th e r a p y  o n ly  d a ta , w a s  th e n  re f it­
te d  to  th e  r a d io th e r a p y  p lu s  T M Z  d a ta ,  w h e re  o n ly  th e  p a r a m e te r s  d e te r m in in g  th e  
c h e m o -s u rv iv a l f ra c tio n  w e re  a l lo w e d  to  c h a n g e .
3.3.3 Incorporation in to  the model o f  the L Q  equation
T h e  p r in c ip a l  ta rg e t  fo r  r a d ia t io n  d a m a g e  is  D N A  a n d  th e  b e s t  d e s c r ip tio n  is  g iv e n  b y  
th e  L Q  m o d e l:  ^
X rt =  SF =  e x p (—a d — |3 d^) (3.6)
w h e r e  d  is  th e  d o s e  p e r  f ra c tio n  (G y), w h ile  a  (G y "^  ) a n d  (3 (G y “ ^) a re  th e  re s p e c tiv e  
l in e a r  a n d  q u a d ra tic  co e ffic ien ts  fo r  ce ll k ill. O n e  s im p lif ie d  in te rp re ta t io n  o f  th is  e q u a ­
t io n  is  th a t  th e  a d  c o m p o n e n t is  d u e  to  D SB s (i.e. a  s in g le  io n iz in g  p a r t ic le  is  r e q u ir e d ) ,  
w h ile  th e  |3d^ c o m p o n e n t a r ise s  f ro m  SSBs (i.e. tw o  io n iz in g  p a r tic le s  su f f ic ie n tly  c lo se  
in  t im e  a n d  in  d is ta n c e  a re  n e c e s sa ry ) . T h e  d o s e  a t  w h ic h  th e  c o n tr ib u t io n  f ro m  th e  f irs t  
a n d  s e c o n d  te rm s  a re  e q u a l  is  g iv e n  b y  a /13 (G y), g e n e ra lly  c a lle d  th e  'a lp h a -b e ta  r a t io '.
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T h is  p a r a m e te r  d is t in g u is h e s  th e  la te - r e s p o n d in g  t is s u e s  (cx/ |3  % 2 G y) f ro m  th e  e a r ly  
r e s p o n d in g  t is s u e s  (cx/ |3  % 10 G y). F o r  e a r ly  r a d ia t io n  effec ts , th e  l in e a r  c o m p o n e n t,  
a ,  d o m in a te s  a t  lo w  d o se s , w h e re a s  fo r  la te  effec ts , th e  q u a d r a t ic  c o m p o n e n t,  |3, is  
a lso  re le v a n t. G B M  tu m o u r s  a re  g e n e ra lly  c o n s id e re d  to  b e h a v e  lik e  e a r ly  r e s p o n d in g  
tis s u e s  (W illiam s e t  al., 1985).
L e t th e  to ta l  d o s e  b e  D  (G y); a n  a l te rn a t iv e  w a y  o f  r e p r e s e n t in g  th e  L Q  m o d e l  is  
g iv e n  b y  th is  e x p re ss io n :
°  =  l + d / ( « / 3 ) .
w h e r e  E =  —I n ( x ^ )  =  ocD +  |3 d D . If  E is  d iv id e d  b y  a ,  w e  o b ta in  th e  d e f in i t io n  o f  
b io lo g ic a lly  e ffec tiv e  d o s e  (BED):
bed =  e /«  =  d ( ' i  +  ^ )  (3.8)
B ED  v a lu e s  a re  e x p re s s e d  in  u n i ts  o f  G y  w i th  a  s u b s c r ip t  th a t  d e n o te s  th e  n u m e r ic a l  
v a lu e  o f  th e  a / (3 r a t io  u s e d ; th is  is  u s e d  to  c la r ify  th a t  i t  is  a  b io lo g ic a l d o s e  r a th e r  
th a n  a  p h y s ic a l  d o s e  (F o w le r, 1989). C o n c e p tu a lly , th e  B ED  r e p re s e n ts  th e  p h y s ic a l  
d o se  r e q u ir e d  fo r  a  g iv e n  effect, if  th e  d o se  w e re  to  b e  d e l iv e re d  b y  in f in ite ly  s m a ll  
d o s e s  p e r  f ra c tio n  or, in  th e  c a se  o f c o n t in u o u s  r a d ia t io n  ra te s ,  a t  a  v e ry  lo w  d o s e  
r a te  (Jones e t  a l., 2001). N o te  th a t  a s  th e  d o s e  p e r  f ra c tio n , d , b e c o m e s  v e ry  s m a ll,  th e  
n u m b e r  o f  f ra c tio n s  w ill  th e n  n e e d  to  b e  in c re a s e d  to  m a in ta in  th e  s a m e  effec t, w h ile  
E a p p ro x im a te s  to  a D .
T h e  B ED  h a s  b e e n  in tr o d u c e d  in to  th e  m o d e l  w i th  th e  a im  o f c o m p a r in g  th e  r e s u l ts  
w ith  o th e r  s tu d ie s . T h is  v a lu e  is  p a r t ic u la r ly  u s e fu l  in  in te r -  a n d  in t r a - t r e a tm e n t  c o m ­
p a r is o n s  a n d  in  th e  d e v e lo p m e n t o f  n e w  f ra c tio n a tio n  sc h e m e s  (Jones e t  a l., 1995). I t  
m a y  a lso  b e  u s e d  to  a s se ss  th e  re la tiv e  c o n tr ib u t io n  o f  c h e m o th e ra p y  (Jo n es a n d  D a le ,
2005).
In  o r d e r  to  g iv e  a  ra d io b io lo g ic a l c o n n o ta tio n  to  th e  ce ll s u rv iv a l  f ra c tio n , i ts  a n a ly t ­
ic a l e x p re s s io n  (Xg) w a s  r e p la c e d  w ith  Eq. 3.6. To a llo w  th e  g e n e ra tio n  o f  a  p o p u la t io n  
o f p a t ie n ts  v ia  M o n te  C a rlo  s im u la t io n , oc a n d  |3 w e re  a s s u m e d  to  b e  n o r m a l ly  d is ­
tr ib u te d .  T h is  a s s u m p tio n  is  c o n s is te n t w i th  p re v io u s  s tu d ie s  w h e re  th e s e  p a r a m e te r s  
a re  u s u a l ly  a s s u m e d  to  fo llo w  a  n o r m a l  d is t r ib u t io n  (Jones a n d  D a le , 1999). N o rm a l ly  
d is t r ib u te d  v a lu e s  o f  oc a n d  |3 c a n  le a d  to  a  sk e w e d  d is t r ib u t io n  in  X rt, c o n s is te n t  w i th  
p u b lis h e d  d a ta  (B jo rk -E rik sso n  e t  a l., 1998). I t  s h o u ld  b e  n o te d  th a t  u s in g  a  n o r m a l  
d is t r ib u t io n  m a y  o c c a s io n a lly  g e n e ra te  im p la u s ib le  v a lu e s  o f  Xrt- H e n c e , th o s e  v a lu e s  
g re a te r  th a n  o n e  w e re  ig n o re d . T h e  n u m b e r  o f  re je c te d  v a lu e s  d e p e n d s  o n  th e  n u m b e r
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o f  v a lu e s  g e n e ra te d ,  a n d  th e  m e a n  a n d  v a r ia n c e  o f  oc a n d  (3. In  th e  fo llo w in g  w o rk , th e  
v a lu e s  o f  oc a n d  |3 u s e d  v e ry  r a re ly  if  e v e r  g av e  r is e  to  a n  g re a te r  th a n  o n e .
3.3.4 O ther m odifications to the original model 
T um our doubling  tim e d istribu tion  '
A s  n o te d  a b o v e , th is  m o d e l  h a s  se v e ra l a d ju s ta b le  p a ra m e te r s ,  w h ic h  v a r y  a c c o rd in g  
to  sp ec ific  p ro b a b il i ty  d e n s ity  fu n c tio n s . T w o o f  th e s e  v a r ia b le s  in v o lv e  t im e , n a m e ly , 
th e  t im e  d e la y  to  c o m m e n c e  t r e a tm e n t  ( td e la y )  a n d  th e  tu m o u r  d o u b lin g  t im e  ( to ) -  
In  th e  o r ig in a l m o d e l  th e s e  p a r a m e te r s  w e re  a s s u m e d  to  b e  n o r m a l ly  d is t r ib u te d .  I t  
is  m o re  a p p r o p r ia te  to  u s e  d if fe re n t p ro b a b i l i ty  d e n s i ty  fu n c tio n s , s in c e  re a lis tic  t im e  
v a lu e s  lie  in  th e  in te rv a l  [0, + 0 0 ]. T h u s , in  th e  p r e s e n t  m o d e l  th e  d o u b lin g  t im e  c a n  b e  
a lso  d e s c r ib e d  e i th e r  b y  a  g a m m a  d is t r ib u t io n ,  a  W e ib u ll d is t r ib u t io n ,  o r  a  lo g -n o rm a l 
d is t r ib u t io n .
C o m p u ta t io n a lly , n o r m a l  v a r iâ te s  a re  g e n e r a te d  u s in g  th e  B o x -M u lle r  m e th o d ,  w h ic h  
re q u ir e s  tw o  u n if o rm  r a n d o m  v a r iâ te s ,  w h e r e a s  th e  g a m m a  d is t r ib u t io n  c a n  b e  s im p ly  
g e n e ra te d  th r o u g h  in v e rs io n  o f  th e  re la tiv e  c u m u la t iv e  d e n s i ty  fu n c tio n . T h e  W e ib u ll 
a n d  lo g -n o rm a l d is t r ib u t io n s  w e re  g e n e ra te d  u s in g  th e  a c c e p ta n c e /re je c t io n  m e th o d .
D efin ition  o f  the tu m o u r regrowth tim e
T h e  p r e s e n t  m o d e l  c a n  a lso  p r e d ic t  th e  r e g r o w th  t im e  o f  th e  tu m o u r . T h e  tu m o u r  
re g ro w th  t im e  is  d e f in e d  a s  th e  t im e  ta k e n  to  re -e s ta b lis h  th e  s a m e  n u m b e r  o f  c a n c e r  
ce lls  a s  ju s t  b e fo re  th e  c o m m e n c e m e n t o f  th e  tre a tm e n t.  E qs. 3.1 a n d  3.3 d e te r m in e  th e  
r e g ro w th  p ro c e s s , a n d  i t  is  a lso  a s s u m e d  th a t  th e  r a te  c o n s ta n t  fo r  c a n c e r  ce ll g ro w th  
(kc) is  th e  s a m e  a s  th a t  a p p l ie d  b e fo re  th e  tre a tm e n t.
W h e n  C (tsuT v) =  ^ i^ d e ia y ^ '  ^^6 tu m o u r  r e g r o w th  tim e  is
t r e  g r o w t h .  — t s u r v  ^ d e l a y  (3  9 )
w h e r e  td e ia y  is  th e  t im e  d e la y  b e fo re  th e  t r e a tm e n t  (d ay s) a n d  tg u rv  is  th e  o v e ra ll 
s u rv iv a l  (d ay s). T h e  tu m o u r  r e g ro w th  t im e  is  th e n  e s tim a te d  fo r  e a c h  s in g le  p a t ie n t  
a n d  th e  re la tiv e  d is t r ib u t io n  a m o n g  th e  p o p u la t io n  o f p a t ie n ts  is  a p p r o x im a te d  u s in g  
a  G a u s s ia n  k e rn e l  d e n s i ty  fu n c tio n  (S ilv e rm an , 1998).
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3 4  R E SUL T S
3 4 .1  M odel f i t  to clinical data
T h e  m o d e l  w a s  c a p a b le  o f su c c e s s fu lly  f it t in g  th e  c lin ica l d a ta  o f th e  r a d io th e r a p y  o n ly  
a r m  (Fig. 3.4.1). T h e  p o p u la t io n  p a r a m e te r  v a lu e s , e x p re s s e d  a s  m e a n  (p ) a n d  v a r ia n c e  
(a^ ), a re  g iv e n  in  T ab le  3.4.1.
F o r  th e  a s s u m p tio n  o f  p u r e  ra d io s e n s i t iz a t io n  (S c en a rio  1), th e  m o d e l f i t t in g  a c h ie v e d  
in  th e  r a d io th e r a p y  p lu s  T M Z  a r m  w a s  e x c e lle n t (as s h o w n  in  F ig . 3.4.2). T h e  r e s u l t in g  
p a r a m e te r  v a lu e s  a re  s u m m a r iz e d  in  T ab le  3.4.1. T h e  c lo se n e ss  o f th e  f it  is  e q u a lly  
g o o d  a lo n g  th e  e n t ire  s u rv iv a l  cu rv e . T h is  in d ic a te s  a  c lo se  a g re e m e n t  b e tw e e n  th e  
m o d e l  a n d  th e  re a l d a ta  a s s u m in g  th a t  T M Z  in c re a se s  tu m o u r  ce ll ra d io se n s it iv ity .
F o r  th e  a s s u m p tio n  o f in d e p e n d e n t  c y to to x ic ity  (S c en a rio  2), F ig . 3.4.3 s h o w s  th e  
m o d e l fit. T h e  s u rv iv a l  c u rv e  r e s u l t in g  f ro m  f i t t in g  in  S c e n a r io  2 h a s  a n  im p o r ta n t  
d iv e rg e n c e  c o m p a re d  w i th  th e  s u rv iv a l  c u rv e  a c h ie v e d  in  S c e n a r io  1. C le a r ly  o b s e rv ­
ab le , b y  v is u a l  in s p e c t io n  o f  th e  s u rv iv a l  c u rv e s  g iv e n  in  F ig . 3.4.3, is  th e  p re s e n c e  o f 
a  s u b s ta n tia l  o v e re s tim a tio n  o f th e  m o d e l  a t  th e  le v e l o f  m e d ia n  s u rv iv a l  w h e n  i t  is  
a s s u m e d  th a t  T M Z  a n t i tu m o u r  a c tiv ity  is  d u e  o n ly  to  its  c y to to x ic ity  (as  r e p r e s e n te d  
in  E q. 3.5).
I t  w o u ld  b e  e x p e c te d  th a t  b y  a d d in g  m o re  p a r a m e te r s  in  th e  m o d e l,  th e  f it w o u ld  b e  
s u p e r io r  in  S c e n a r io  2 s in c e  th e  m o d e l w ith  th e  h ig h e r  n u m b e r  o f  p a r a m e te r s  g e n e r ­
a lly  p ro v id e s  a  b e t te r  o b jec tiv e  fu n c tio n . A c c o rd in g  to  th e  A k a ik e  (A lC ) a n d  S c h w a rz  
(SC) p a r s im o n y  c r ite r ia , a n d  a s s u m in g  th a t  th e  m o d e l  e r ro r  is  n o rm a l ly  a n d  in d e p e n ­
d e n t ly  d is t r ib u te d .  S c e n a r io  1 is  s u p e r io r : A lC = 6 .2 i a n d  S C =6.56 fo r  S c e n a r io  1 v e r s u s  
A 1C =6.36 a n d  S C = 6 .7 i fo r  S c e n a r io  2 (A k a ik e , 1974; S c h w a rz , 1978).
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T able 3 4 .1 .: D e ta ils  o f v a lu e s  o f th e  v a r ia b le s  f ro m  th e  fit to  th e  E O R T C -N C IC  tr ia l 
26981-22981/C E .3 . N o te  th a t  b e tw e e n  th e  tw o  a rm s , r a d io th e r a p y  a lo n e  
a n d  r a d io th e r a p y  p lu s  T M Z , o n ly  th e  p a ra m e te r s  d e te r m in in g  th e  s u rv iv a l  
f ra c tio n  (n , m  a n d  ocg) a re  a l lo w e d  to  ch a n g e .
P a r a m e t e r s
R T  a l o n e R T + T M Z  ( S c e n a r i o  1 )
M- 0-2 M- 0"2
n  (-) 9 .0 8 - 4 .2 8 -
m  (-) 2 .2 - 2 .3 4 -
(%S (-) 1 .1 3 - 3 .1 9 -
No (cells) 1.48x10^^ 5.27X10^^ 1 .4 8 x 1 0 ^ 2 5.27x10^^
N c r it (cells) 1.0x10^^ 8.27X10^2 1 .0 x 1 0 ^ 2 8 . 2 7 x 1 0 2 2
kn  (days“  ^ cells^^) 3 .33x10-^^ 2 . 3 4 x 1 0 ^ 2 6 3 . 3 5 x 1 0 ^ ^ 2 2 . 3 4 x 1 0 ^ 2 6
t o  (days) 2 3 .8 8 1 8 6 .2 2 3 .8 8 1 8 6 .2
t L l a y  (days) 5 2 .1 5 2 8 434 11
* Parameters from clinical series.
 RT only data
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O 0.2
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500
F ig u re  3.4.1.: K a p la n -M e ie r  su rv iv a l  p lo t  fo r  143 p a t ie n ts  t r e a te d  w ith  r a d io th e r a p y  
o n ly  f ro m  th e  E O R T C -N C IC  tr ia l 26981-22981 / C E .3 , a n d  th e  f it te d  m o d e l  
d e s c r ib e d  in  S u b se c tio n  3.3.1 a n d  in  K irk b y  e t  al. (2007b).
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 RT plus TMZ data
Model
1= 0 .8
(5 0.4
Ü 0.2
1000 1500
Time (days)
2500
F ig u re  3 4 .2 .: K a p la n -M e ie r  su rv iv a l  p lo t  fo r  144 p a t ie n ts  t r e a te d  w ith  r a d io th e r a p y  
p lu s  T M Z  fro m  th e  E O R T C -N C IC  tr ia l  26981-22981/C E .3 , a n d  th e  f it te d  
m o d e l,  d e s c r ib e d  in  S u b se c tio n  3.3.2, a s s u m in g  p u r e  ra d io s e n s i t iz a t io n  
b y  T M Z . N o te  th a t  o n ly  th e  p a r a m e te r s  d e te rm in in g  th e  s u rv iv a l  f ra c tio n  
a f te r  o n e  d o s e  o f  r a d io th e r a p y  a re  a l lo w e d  to  ch a n g e .
RT plus TMZ data
Mode
0.4
3
O 0.2
1000 1500
Time (days)
2500
F ig u re  3.4.3.: K a p la n -M e ie r  su rv iv a l  p lo t  fo r  144 p a t ie n ts  t r e a te d  w ith  r a d io th e r a p y  
p lu s  T M Z  fro m  th e  E O R T C -N C IC  tr ia l  26981-22981 / CE .3, a n d  th e  f it te d  
m o d e l,  d e s c r ib e d  in  S u b se c tio n  3.3.2, u s in g  th e  c h e m o th e ra p y  m o d u le .  
T h is  a s s u m e s  th a t  th e  effec t o f T M Z  is e n t ire ly  d u e  to  d ire c t  cy to to x ic ity , 
w h ic h  is  in d e p e n d e n t  o f ra d io th e ra p y .
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3 4 .2  D istribu tion  o f  the surv iva l frac tion
In  S cen a rio  1, th e  c o m p a r is o n  o f th e  s u rv iv a l  f ra c tio n  d is t r ib u t io n  a f te r  a  s in g le  f ra c tio n  
o f  r a d io th e ra p y  sh o w e d  a  c h a n g e  in  th e  s h a p e  a t tr ib u ta b le  to  th e  ra d io s e n s i t iz in g  effec t 
o f T M Z  (Fig. 3.4.4). T h e  d is t r ib u t io n  o f th e  p u r e  r a d ia t io n  effec t h a d  a  m e a n  s u rv iv a l  
f ra c tio n  o f 0 .77 a n d  a  s ta n d a r d  d e v ia tio n  o f 0.11, w h ile  th e  d is t r ib u t io n  o f th e  c o m b in e d  
tr e a tm e n t  h a d  a  m e a n  v a lu e  o f 0.68 a n d  a  s ta n d a r d  d e v ia tio n  o f 0.14.
T h e  a d d i t io n  o f T M Z  c a u s e d  a  r e d u c t io n  o f 12%  in  th e  m e a n  v a lu e  a n d  a n  in c re a se  
o f 27%  in  th e  s ta n d a r d  d e v ia tio n  o f th e  p r o b a b il i ty  d e n s ity  fu n c tio n  o f th e  s u rv iv a l  
fra c tio n . T h e  m o s t  c l in ic a lly  re le v a n t d if fe re n c e  is o n  th e  le ft ta il o f th e  d is t r ib u t io n ,  
w h e re  th e  ta il  s ta r ts  to  f la t te n  la ter. T h is  in d ic a te s  th a t  th e  e ffec t a s so c ia te d  w i th  o n e  
2 G y  f ra c tio n  o f r a d ia t io n  is  e n h a n c e d  b y  T M Z , so  th a t  m o re  p a t ie n ts  h a v e  tu m o u r s  
se n s itiv e  e n o u g h  to  b e  c u re d . T h e  effic ien cy  o f T M Z  in  im p ro v in g  r a d io th e r a p y  re ­
s p o n s e  d e p e n d s  o n  th e  n u m b e r  o f s e n s it iz e d  f ra c tio n s , a n d  c o n s e q u e n tly  it m a y  b e  
s c h e d u le -d e p e n d e n t.
T h e  p ro b a b il i ty  d e n s ity  fu n c tio n  fo r  th e  c h e m o -s u rv iv a l f ra c tio n , a s s u m in g  th a t  T M Z  
d ire c tly  k ills  th e  tu m o u r  cells , is  p r e s e n te d  in  Fig. 3.4.5. T h e  T M Z  s u rv iv a l  f ra c tio n  
d is t r ib u t io n  is  e x tre m e ly  sk e w e d , w ith  a  m e a n  o f 0.91 a n d  a  s ta n d a r d  d e v ia t io n  o f 
0.08. T h e se  o b se rv a tio n s  im p ly  th a t  a  s ig n if ic a n t p r o p o r t io n  o f th e  p o p u la t io n  d o e s  n o t  
d e r iv e  a  d ire c t  effec t f ro m  T M Z , a n d  th a t  a  d o se  o f T M Z  is n o t  n e c e s sa r ily  su ff ic ie n t to  
c a u se  s ig n if ic a n t cell kill.
 RT only
 RT plus TMZ
0.2 0.4 0.6
R adiotherapy Survival Fraction
F ig u re  3.4.4.: C o m p a r is o n  o f th e  p ro b a b il i ty  d is t r ib u t io n s  o f s u rv iv a l  f ra c tio n , a f te r  a  
s in g le  2 G y  fra c tio n  o f ra d io th e ra p y , a f te r  f ittin g  th e  m o d e l s e p a ra te ly  to  
th e  r a d io th e ra p y  o n ly  d a ta  a n d  th e  r a d io th e r a p y  p lu s  T M Z  d a ta .  T h e  
g r a p h  s h o w s  th e  d if fe re n c e  in  th e  s h a p e  w h ic h  is  p r o d u c e d  b y  th e  s y n e r ­
g is tic  effec t o f TM Z .
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F ig u re  3 4 .5 .: P ro b a b ility  d is t r ib u t io n  o f  th e  m o d e lle d  c h e m o -se n s itiv ity  r e s u l t in g  f ro m  
f itt in g  th e  m o d e l to  th e  r a d io th e r a p y  p lu s  T M Z  d a ta .
3.4.3 Radiobiological param eter values
T h e  a d d i t io n  o f th e  L Q  m o d e l d id  n o t  a l te r  th e  q u a l i ty  o f th e  f ittin g s  p r e s e n te d  in  
F igs. 3.4.1, 3.4.2 a n d  3.4.3. T h e  fit a c h ie v e d  in  S c e n a rio  1 is  s u b s ta n tia l ly  b e t te r  th a n  
in  S c e n a rio  2 in  lin e  w ith  th e  ab o v e  p r e s e n te d  f in d in g s . In  a d d i t io n ,  th e  L Q  e q u a t io n  
a l lo w e d  th e  e s t im a tio n  o f th e  in  vivo  a / |3  ra tio  fo r  h ig h -g ra d e  b r a in  tu m o u r  ce lls , v a lu e s  
th a t  a re  v e ry  d iffic u lt to  o b ta in  ex p e r im e n ta lly . I t  is  k n o w n  th a t  se v e ra l fa c to rs  a re  
in v o lv e d ; fo r  e x a m p le , lo w  tu m o u r  o x y g e n a tio n , fa s t r e g ro w th  k in e tic s  a n d  a n  e ff ic ien t 
D N A  re p a ir  sy s te m  a re  in d ic e s  o f a  h ig h  in  vivo  tu m o u r  r a d io re s is ta n c e  (P e re z  a n d  
B ra d y , 1998; S teel, 2002). In  a d d i t io n ,  th e  cell r e s p o n s e  to  r a d ia t io n  c o n s id e ra b ly  v a r ie s  
th ro u g h  th e  cell cyc le  (S teel, 2002).
T h e  m o d e l f i t t in g  to  th e  r a d io th e r a p y  o n ly  a r m  p r o d u c e d  a  re sp e c tiv e  m e a n  v a lu e  
o f 0.102 G y~^ fo r  a  a n d  o f 0.008 G y “ ^ fo r |3, th a t  r e s u l t  in  a n  a / (3 ra t io  o f  12.5 Gy. 
T h is  v a lu e  is  in  lin e  w ith  o th e r  p u b lis h e d  d a ta  fo r  r a p id ly  g ro w in g  a n d  r a d io r e s is ta n t  
tu m o u rs ,  e .g . 10-30 G y  (Steel, 2002).
W h e n  th e  m o d e l w a s  f it te d  to  th e  r a d io th e r a p y  p lu s  T M Z  a rm , th e  a / |3  r a t io  v a lu e  
d e c re a s e d  to  3.1 Gy, w ith  a re sp e c tiv e  m e a n  v a lu e  fo r  oc o f 0 .094 G y "^  a n d  fo r  |3 
o f 0.03 G y ^ ^ . A s th e  a d d i t io n  o f T M Z  in f lu e n c e s  th e  s u rv iv a l  f ra c tio n  d is t r ib u t io n  
e n h a n c in g  th e  ra d ia t io n  re sp o n se , it is  re a so n a b le  to  e x p e c t a  r e d u c t io n  o f th e  a / |3  
ra tio . V a ria tio n s  in  th e  a /(3 ra tio  c a u se  la rg e  v a r ia tio n s  in  th e  s h a p e  o f th e  s u rv iv a l  
c u rv e s , w h ic h  a re  a t  th e  o r ig in  o f th e  d if fe re n tia l e ffec t c o n n e c te d  w ith  ra d io se n s it iv ity .
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I t  is  d e a r ly  n o t  m e a n in g fu l to  c o m p a re  B ED  u s in g  d if fe re n t a / |3  ra tio s .  In fa c t, i t  is  
n e v e r  p o s s ib le  to  m a tc h  tw o  d if fe re n t r e g im e n s  to  b e  e q u iv a le n t fo r  b o th  e a r ly -  a n d  
la te - r e s p o n d in g  tis su e s . H o w ev er, i t  c a n  g iv e  a  m e a s u re  o f th e  p o te n t ia l  b io lo g ic a l 
d o s e  d e l iv e re d  to  th e  tu m o u r  fo r  e a c h  s in g le  a r m  o f  th e  tr ia l. C a lc u la tin g  th e  BED  
u s in g  th e s e  a / |3  ra tio s , fo r  a  p h y s ic a l  d o s e  o f 60 G y  d e l iv e re d  in  30 f ra c tio n s , g av e  
a  B E D  fo r  r a d io th e r a p y  o n ly  o f  69.90 G y i2 .5 , w h ile  fo r  r a d io th e r a p y  p lu s  T M Z  i t  is  
98.71 G y s .] .
3 .4 .4  Temozolomide effect on radiation se n s itiv ity
T h e  sy n e rg is tic  a c tio n  o f  T M Z  c le a rly  c a u s e d  a  d e c re a s e  (by  75.2% ) in  th e  a / |3  r a ­
tio , f ro m  v a lu e s  o f e a r ly - r e s p o n d in g  tis s u e s  to  v a lu e s  o f  la te - r e s p o n d in g  t is su e s . T h is  
p r o d u c e d  a  d if fe re n t s h a p e  o f  th e  ce ll s u rv iv a l  d o s e - re s p o n s e  c u rv e  (as s h o w n  in  F ig .
3.4.6).
O th e r  p o in ts  a re  v is ib le  f ro m  F igs. 3 .4 .7  a n d  3.4.8: T M Z  in f lu e n c e s  s lig h tly  th e  l in e a r  
c o m p o n e n t  d is t r ib u t io n ,  w h e re a s  i t  a ffec ts  s u b s ta n tia l ly  th e  q u a d r a t ic  c o m p o n e n t  d is ­
t r ib u t io n  (m e a n  in c re a se  b y  a  fa c to r  o f  2.75). T h e se  re s u lts  c a n  b e  r e a d  a c c o rd in g  to  th e  
L Q  m o d e l  in te r p re ta t io n  in  w h ic h  ce ll d e a th  is  d u e  to  b o th  th e  d ire c tly  le th a l  e v e n ts  
a n d  th e  a c c u m u la t io n  o f  c lo se  s u b le th a l  le s io n s , le a d in g  to  le th a l c h ro m o s o m e  b re a k s . 
H ig h -g ra d e  b r a in  tu m o u r  ce lls  a re  e x tre m e ly  ra d io re s is ta n t ,  a n d  r a d ia t io n  le th a l i ty  is  
e s se n tia lly  d u e  to  d ire c t  le th a l le s io n s . T M Z  se e m s  to  r e n d e r  G B M  ce lls  m o re  se n s itiv e  
to  r a d ia t io n  e x p o s u re . T h e  im p lic a tio n  o f  th is  is  th a t  w i th  T M Z  e i th e r  th e  s u b le th a l  
d a m a g e  c o n tr ib u te s  s ig n if ic a n tly  to  ce ll k ill in g  o r  so m e  p o te n t ia l ly  re p a ira b le  d a m a g e  
s ite s  a re  'f ix e d ' b y  T M Z  b e fo re  r e p a ir  c a n  occur. F u r th e rm o re ,  a  lo w e r  a / |3  r a t io  is  
u s u a l ly  a s so c ia te d  w i th  a  s lo w  p ro lif e ra t io n  r a te  (H a ll a n d  G iacc ia , 2006). T h is  s u g ­
g e s ts  th a t  T M Z  m a y  a lso  a ffec t th e  r e g r o w th  k in e tic s  a n d  in h ib i t  th e  D N A  s y n th e s is  
(i.e. r e d u c e s  r e p o p u la t io n  d u r in g  ra d io th e ra p y ) .
T h e  a p p a r e n t  c h a n g e  in  th e  a / |3  r a t io  su g g e s ts  th a t  th e  c o n c o m ita n t u s e  o f  T M Z  m a y  
b e  f u r th e r  e n h a n c e d  b y  a d o p t in g  n e w  d o s e  e s c a la tio n  o r  d o s e  f ra c tio n a tio n  s tra te g ie s , 
p r o v id in g  to le ra n c e  o f th e  n o rm a l  b r a in  t is s u e s  is  n o t  e x c e e d e d .
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F ig u re  3 4 .6 .: E q u iv a le n t o f in  vitro  d o se  r e s p o n s e  c u rv e s  fo r  r a d io th e r a p y  o n ly  a n d  
ra d io th e r a p y  p lu s  T M Z . N o te  th a t  th e  a d d i t io n  o f T M Z  p r o d u c e d  a  lo w e r  
a /  (3 ra tio . F o r  th is  ty p e  o f  e x p e r im e n t , o r  its  e q u iv a le n t,  th e  r a d io th e r a p y  
is  g iv e n  a s  a  s in g le  f ra c tio n  o f v a r ia b le  d o se .
 RT only
 RT plus TMZ
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F ig u re  3.4.7.: D is tr ib u tio n s  o f th e  l in e a r  c o m p o n e n t oc, r e s u l t in g  f ro m  f i tt in g  to  r a d io ­
th e ra p y  o n ly  d a ta  a n d  r a d io th e ra p y  p lu s  T M Z  d a ta . N o te  th a t  v a lu e s  
g re a te r  th a n  o n e  w e re  ig n o re d .
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F ig u re  3 4 .8 .: D is tr ib u tio n  o f th e  q u a d ra t ic  c o m p o n e n t  (3, r e s u lt in g  f ro m  f i t t in g  to  r a ­
d io th e r a p y  o n ly  d a ta  a n d  r a d io th e r a p y  p lu s  T M Z  d a ta . N o te  th a t  v a lu e s  
g re a te r  th a n  o n e  w e re  ig n o re d .
3.4.5 T um our regrowth tim e
T h e  m o d e l c a n  p re d ic t  th e  re g ro w th  tim e  d is t r ib u t io n  o f tu m o u r s  fo r b o th  a r m s  o f th e  
E O R T C -N C IC  stu d y . T h e  tu m o u r  r e g ro w th  tim e  a llo w e d  th e  n a tu ra l  h is to ry  o f  th e  
tu m o u r  to  b e  in fe r re d , a n d  h e lp e d  q u a n tify  th e  e ffec ts  o f T M Z  a d d it io n .
T h e  e s tim a te s  o f th e  tu m o u r  re g ro w th  tim e  d is t r ib u t io n  a re  sh o w n  in  F ig . 3 .4 .9 . T h e  
m e a n  tu m o u r  r e g r o w th  tim e  fo r  th e  r a d io th e r a p y  o n ly  a r m  is  281.4 d a y s  a n d  m e d ia n
218.3 d ay s . W ith  r a d io th e r a p y  p lu s  T M Z , a s s u m in g  sy n e rg y , th e  tu m o u r  r e g ro w th  
tim e  is  s u b s ta n tia l ly  h ig h e r; m e a n  a n d  m e d ia n  re sp e c tiv e ly  o f 436.8 d a y s  a n d  345.4 
d ay s . T h e re fo re , th e  d is t r ib u t io n  p r o d u c e d  b y  th e  a d d i t io n  o f T M Z  is  m o r e  s p r e a d  
( s ta n d a rd  d e v ia tio n  369.7  d a y s )  o v er th e  p o p u la t io n  o f p a t ie n ts  th a n  w i th  r a d io th e r a p y  
o n ly  ( s ta n d a r d  d e v ia tio n  283.2 d ay s). N o te  th a t  in  th is  a n a ly s is  2000 p a t ie n ts  w e re  
g e n e ra te d ,  so  th a t  th e  a p p ro x im a te d  d is t r ib u t io n  s h a p e  w a s  c le a rly  v is ib le  a n d  n o t  
in f lu e n c e d  b y  th o s e  s p o ra d ic  p a t ie n ts  fa r  f ro m  th e  p o p u la t io n  m e a n  v a lu e .
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F ig u re  3 4 .9 .: P ro b a b ility  d is tr ib u t io n s ,  a p p ro x im a te d  w ith  a  G a u s s ia n  k e rn e l  fu n c tio n  
u s in g  100 e q u a lly  s p a c e d  p o in ts ,  o f th e  tu m o u r  re g ro w th  tim e , r e s u l t in g  
f ro m  th e  f it t in g  to  r a d io th e r a p y  o n ly  d a ta  a n d  r a d io th e r a p y  p lu s  T M Z  
d a ta  a s s u m in g  a  sy n e rg is tic  effec t b e tw e e n  r a d io th e r a p y  a n d  T M Z . F o r 
r a d io th e r a p y  o n ly  th e  m e a n  is  281.4 d a y s  a n d  th e  m e d ia n  is  218.3 d a y s . 
F o r r a d io th e r a p y  p lu s  T M Z  th e  m e a n  is  436.8 d a y s  a n d  th e  m e d ia n  is 
345.4 d ay s . N o te  th a t  th e  m o d e l p o p u la t io n  s iz e  is  o f  2000 p a t ie n ts .
3 .5  D IS C U S S IO N
T h e  m o d e l p r e s e n te d  in  th is  c h a p te r  is a n  a t te m p t a t  r e p r e s e n t in g  in vivo  e ffec ts  o f T M Z  
c o m b in e d  w ith  ra d ia tio n . U s in g  th e  m o d e l,  tw o  p o ss ib le  s c e n a rio s  w e re  in v e s tig a te d  
to  d e te rm in e  th e  ro le  o f T M Z , in  p a r t ic u la r  th e  re la tiv e  c o n tr ib u tio n s  o f th e  c o n c u r re n t  
c o m p a re d  w ith  th e  a d ju v a n t p h a s e .
T M Z -m e d ia te d  r a d io s e n s it iz a tio n  w a s  in v e s tig a te d  firs t. A f te rw a rd s , a n  in d e p e n ­
d e n t  m o d u le  w a s  d e v e lo p e d  to  a n a ly se  a n o th e r  p o te n tia l  p ro c e ss : in d e p e n d e n t  T M Z  
cy to to x ic ity . T h e  p a r a m e te r  v a lu e s  w e re  d e te r m in e d  b y  f it t in g  th e  m o d e l to  b o th  a rm s  
o f h a lf  o f th e  d a ta  s e t  o f th e  E O R T C -N C IC  stu d y .
T h e  m o d e l is a lso  c a p a b le  o f e x tra c tin g  ra d io b io lo g ic a l in fo rm a tio n  f ro m  th e  c lin ic a l 
p a t ie n t  d a ta . In  p a r tic u la r ,  u s in g  th e  m o d e l it  w a s  p o s s ib le  to  e s t im a te  th e  a v e ra g e  
v a lu e  o f th e  in vivo  a /  3 ra t io  fo r  a  p o p u la t io n  o f g lio m a  ce lls , a n d  it a p p e a r e d  to  b e  
b io lo g ic a lly  c o n s is te n t.
F u r th e r  d is c u s s io n  o f th e  m o d e ll in g  re s u lts  c a n  b e  fo u n d  la te r  in  th e  m a n u s c r ip t  in  
S u b se c tio n  6.2.5, w h ic h  c o m p a re s  th e  m o d e l p re d ic t io n s  to  th e  e x p e r im e n ta l  f in d in g s  
p r e s e n te d  in  C h a p te r  5.
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3.5.1 T M Z  and  G B M  radiosensitivity
T h e  p ro b a b i l i ty  d is t r ib u t io n  o f th e  s u rv iv a l  fra c tio n , a f te r  f i t t in g  th e  m o d e l  to  th e  r a ­
d io th e r a p y  a lo n e  d a ta  o f  th e  E O R T C -N C IC  s tu d y , is  c o n s is te n t w i th  p re v io u s  r e s u lts  
o b ta in e d  u s in g  th e  in it ia l  m o d e l.  K irk b y  e t  a l. (2007b) d e r iv e d  a  m e a n  v a lu e  o f  th e  
s u rv iv a l  f ra c tio n  o f  0 .80 f ro m  th e  M e d ic a l R e se a rc h  C o u n c il  BR02 tr ia l. In  th is  w o rk , 
th e  e s t im a te  o f  0 .77 p ro b a b ly  re flec ts  th e  in f lu e n c e  o f  s l ig h tly  d if fe re n t p a t ie n t  c h a ra c ­
te r is tic s  b e tw e e n  th e  tw o  tr ia ls .
W ith  r e s p e c t  to  th e  T M Z  a n d  r a d io th e r a p y  a r m  o f  th e  E O R T C - N C IC  s tu d y , th e  
f it a c h ie v e d  in  S c e n a r io  1 is  s u b s ta n t ia l ly  b e t te r  th a n  th e  o n e  th a t  c o u ld  b e  a c h ie v e d  
w i th  S c e n a r io  2, w h ic h  su g g e s ts  a  T M Z -m e d ia te d  ra d io s e n s it iz a tio n . I t  is  n o te w o r th y  
th a t  th e  e a r ly  p a r t  o f  th e  a c tu a l  c lin ic a l s u rv iv a l  c u rv e  fo r  h a lf  o f th e  d a ta  s e t  o f  th e  
E O R T C -N C IC  tr ia l  (Fig. 3.2.2) is  c h a ra c te r iz e d  b y  a  s te e p  in it ia l  d r o p  in  su rv iv a l .  In  
th e  a s s u m p tio n  o f  T M Z -m e d ia te d  ra d io s e n s i t iz a t io n  (S c en a rio  1), th e re  is  a  c lo se  f it 
b e tw e e n  th e  m o d e l a n d  th e  d a ta  a t  e a r ly  tim e s  (Fig. 3.4.2). T h is  is  la rg e ly  d u e  to  th e  
s p r e a d  in  v a lu e s  o f  th e  ra d io - s u rv iv a l  f ra c tio n , w h ic h  in c lu d e  h ig h  v a lu e s  re s p o n s ib le  
fo r  th e  e a r ly  d e c re a s e  in  p a t ie n t  s u rv iv a l .  W h e re a s , fo r  th e  a s s u m p tio n  o f  T M Z  in ­
d e p e n d e n t  c y to to x ic ity  (S c en a rio  2), th e  m o d e l  f i t t in g  te n d s  to  o v e re s tim a te  th e  in it ia l  
s u rv iv a l  r a te  (Fig. 3.4.3). T h is  m ig h t  b e  d u e  to  th e  fa c t th a t  th e  p ro b a b i l i ty  o f  h a v in g  a  
c h e m o -s u rv iv in g  f ra c tio n  o f  o n e  is  c lo se  to  z e ro . C o n v e rse ly , in  re a li ty  th e re  is  a  c o h o r t  
o f  p a t ie n ts  fo r  w h o m  th e  c h e m o -s u rv iv a l f ra c tio n  is  a c tu a lly  o n e . T h is  s u b g r o u p  o f 
p a t ie n ts  is  lik e ly  to  r e p r e s e n t  th o s e  tu m o u r s  th a t  a re  M G M T -u n m e th y la te d .
In  te rm s  o f  ra d io b io lo g ic a l p a ra m e te r s ,  th e  in  vivo  e s t im a te s  o f  th e  a / 3 r a t io  fo r  b o th  
a rm s  o f  th e  E O R T C -N C IC  s tu d y  a re  c o n s is te n t w i th  th e  a v e ra g e  v a lu e s  o f  th e  a / 3 
r a t io  e s t im a te d  fo r  g lio m a  ce ll lin e s  (Q i e t  a l., 2006; S tee l, 2002; S tee l a n d  W h e ld o n ,
1991). T h e  p r o b a b il i ty  d is t r ib u t io n s  o f  th e  ra d io b io lo g ic a l p a r a m e te r s  h a v e  a  G a u s s ia n  
s h a p e  c o n s is te n t w ith  p u b l is h e d  d a ta  o f in  vitro  ra d io se n s it iv ity . I t  m ig h t  b e  e x p e c te d  
th a t  th e  a  c o m p o n e n t, w h ic h  d e s c r ib e s  th e  D SB s, w o u ld  b e  m o re  a ffe c te d  b y  T M Z  
r a d io s e n s it iz a tio n . T h e  m o d e l  su g g e s ts  a  lo w e r  v a lu e  o f  th e  oc/ 3 r a t io  w h e n  T M Z  is  
a d m in is te re d  c o n c o m ita n tly  w i th  r a d io th e ra p y ; in  p a r t ic u la r ,  i t  p re d ic ts  a  g r e a t  c h a n g e  
in  th e  m e a n  v a lu e  o f  3 - T h is  o b s e rv a tio n  c a n  b e  e x p la in e d  b y  th e  fa c t th a t  T M Z  
m a y  c a u s e  SSBs in  c lo se  p ro x im ity  to  r a d ia t io n - in d u c e d  SSBs o n  a d ja c e n t s t r a n d s  o f  
D N A  (C h a k ra v a r ti  e t  a l., 2006). If  th e s e  T M Z -in d u c e d  SSBs a re  su ff ic ie n tly  c lo se  to  th e  
r a d ia t io n - in d u c e d  o n e s , i t  c o u ld  b e  p o s s ib le  th a t  th e y  a re  c o n v e r te d  in to  D SBs.
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In  a  s e p a r a te  m o d e ll in g  s tu d y , Jo n e s  a n d  S a n g h e ra  (2007) d e te rm in e d  th e  r a d io b io ­
lo g ic a l p a r a m e te r s  fo r  h ig h - g ra d e  g lio m a  b a s e d  o n  th e  45 a n d  60 G y  a r m s  o f  th e  BR02 
tr ia l  a n d  a  m e d ia n  s u r v iv in g  f ra c tio n  a f te r  2 G y  o f  0.83 (B u rn e t e t  a h , 2006). Jo n e s  
a n d  S a n g h e ra  (2007) e s t im a te d  a n  a / 3 ra t io  o f 9.32 G y  a n d  a  m e d ia n  oc v a lu e  o f 0 .077 
G y “  ^ a n d  3 o f  0 .008 G y “ ^. T h e  s l ig h tly  h ig h e r  oc v a lu e  a n d  th e  c o n s e q u e n tly  h ig h e r  
oc/ 3 r a t io  in  th e  p r e s e n t  s tu d y  p r o b a b ly  re flec t th a t  Jo n e s  a n d  S a n g h e ra 's  w o rk  is  b a s e d  
o n  tu m o u r  r e g r o w th  t im e  a n d  th e  p r e s e n t  w o rk  a c tu a lly  p re d ic ts  p a t ie n t  s u rv iv a l  t im e  
d irec tly . In te re s tin g ly , th e  3 v a lu e s  a re  th e  sa m e . In  th e ir  p a p e r , th e  e q u iv a le n t  B E D  fo r  
T M Z  w a s  e s tim a te d  to  b e  11.03 G yp.s (e q u iv a le n t to  a  r a d ia t io n  d o s e  o f  9.1 G y  g iv e n  
in  2 G y  fra c tio n s ) . T h e  B ED  v a lu e  d e p e n d s  o n  th e ir  e s t im a te d  a v e ra g e  a / 3 r a t io  a n d  
th e re fo re  i t  is  n o t  d ire c tly  c o m p a ra b le  w i th  th e  r e s u lts  o f  th is  s tu d y .
3.5.2 Tum our regrowth tim e distribu tion
T h e  m o d e l l in g  a p p ro a c h  o u t l in e d  in  S u b se c tio n  3.3 .4  su g g e s ts  th a t  th e  a d d i t io n  o f  T M Z  
p r o d u c e s  a  c o n s id e ra b le  e x te n s io n  o f th e  tu m o u r  r e g r o w th  tim e . T h e  m o d e l  c a n  a lso  
b e  u s e d  to  c o m p a re  tu m o u r  r e g ro w th  t im e  a n d  t r e a tm e n t  d u ra t io n .  T h e  r e s u l ts  s u g g e s t  
th a t  th e  in c re a se  in  th e  tu m o u r  r e g r o w th  tim e  d o e s  n o t  m a tc h  th e  d u r a t io n  o f  e i th e r  
th e  c o n c o m ita n t  (42 d a y s )  o r  th e  a d ju v a n t  s c h e d u le  (168 d ay s ). T h e  g r o w th  d e la y  a f te r  
th e  c o m b in e d  t r e a tm e n t  is  m o re  th a n  th e  s u m  o f  th e  re la tiv e  g ro w th  d e la y s  c a u s e d  
b y  in d iv id u a l  tr e a tm e n ts ,  c a lc u la te d  a s  a  f ra c tio n  o f th e  r a d io th e r a p y  o n ly  tr e a tm e n t ,  
u s e d  a s  a  n o rm a l iz a t io n  c o n tro l fac to r. T h is  m a y  in d ic a te  th e  p re s e n c e  o f  a  sy n e rg is t ic  
e ffec t b e tw e e n  r a d ia t io n  a n d  T M Z , w h ic h  re s u lts  in  a  g re a te r  th a n  a d d i t iv e  r e s p o n s e  
(K il e t  a l., 2008).
H o w ev er, i t  s h o u ld  b e  n o te d  th a t  in  th is  w o rk  i t  w a s  a s s u m e d  th a t  T M Z  d o e s  n o t  
a ffec t th e  tu m o u r  g ro w th  r a te  (kc). T h e  r e g r o w th  t im e  d e p e n d s  o n  b o th  ce ll k i l l in g  
a n d  s u b s e q u e n t  tu m o u r  g ro w th  ra te . I t  m ig h t  b e  p o s s ib le  th a t  th e  S c e n a r io  1 h a s  
o v e re s tim a te d  b o th  th e  ce ll k ill in g  a n d  th e  s u b s e q u e n t  tu m o u r  g r o w th  ra te .
A n o th e r  a s p e c t v is ib le  f ro m  th e  tu m o u r  r e g r o w th  t im e  d is t r ib u t io n  is  th a t  th e  n u m ­
b e r  o f p a t ie n ts  th a t  h a v e  n o t  b e n e f i te d  f ro m  r a d io th e r a p y  (i.e. z e ro  r e g r o w th  tim e )  in  
th e  r a d io th e r a p y  o n ly  a r m  is  d e c re a s e d  b y  60% . T h is  m e a n s  th a t  T M Z  m a y  a ffec t e v e n  
th o s e  tu m o u r s  th a t  a re  c o n s id e re d  to  b e  h ig h ly  r e s is ta n t  to  ra d ia tio n .
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3 .6  SU M M A R Y
T h is  m o d e l r e p re s e n ts  a  d e v e lo p m e n t o f  th e  m o d e l  p re v io u s ly  d e s ig n e d  to  d e s c r ib e  th e  
effec ts  o f  r a d io th e r a p y  a lo n e  in  p a t ie n ts  w i th  h ig h - g ra d e  b r a in  tu m o u rs .  C h e m o th e r ­
a p y  h a s  b e e n  in c lu d e d  e i th e r  a s  a  d ire c t  fa c to r  th a t  c a n  a ffec t r a d ia t io n  r e s p o n s e  o r  a s  
a n  in d e p e n d e n t  so u rc e  th a t  c a n  k ill tu m o u r  cells . T h e  L Q  e q u a t io n  w a s  a lso  in c lu d e d  
to  a n a ly se  th e  in  v ivo  e ffec ts  o f  b o th  r a d io th e r a p y  a n d  c h e m o th e ra p y .
T h e  c o m p a r is o n  o f  th e  in  silico s u rv iv a l  c u rv e  w i th  th e  re a l d a ta  f ro m  th e  E O R T C - 
N C IC  s tu d y  d e m o n s tr a te s  th a t  th e  m o d e l  c a n  q u a l i ta t iv e ly  r e p r e s e n t  th e  c lin ic a l rea lity .
In  p a r tic u la r ,  th e  in c o rp o ra t io n  in to  th e  m o d e l  o f  c h e m o th e ra p y  h a s  r a is e d  so m e  im ­
p o r ta n t  q u e s tio n s  r e g a rd in g  th e  m e c h a n is m  o f a c tio n  o f T M Z . T h e  m o d e ll in g  r e s u lts  
s u g g e s te d  th a t  T M Z  e n h a n c e s  th e  th e ra p e u t ic  e fficacy  o f  r a d ia t io n  in  G B M  m o s t ly  
w h e n  a d m in is te re d  c o n c u rre n tly .
H o w ev er, f u r th e r  p re c lin ic a l in v e s tig a tio n , a s  w e ll a s  m o d e l  d e v e lo p m e n ts ,  a re  r e ­
q u ir e d  to  v a l id a te  th is  p re d ic tio n .  I n d e e d , th e  fo llo w in g  c h a p te rs  e x p lo re  th e  c o m b in a ­
t io n  o f  T M Z  w i th  r a d ia t io n  in  vitro  o n  a  p a n e l  o f h u m a n  G B M  cell lin es .
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4.1 IN T R O D U C T IO N
T h is  c h a p te r  d e s c r ib e s  in  d e ta i l  th e  ce ll lin e s  a n d  th e  te c h n iq u e s  u s e d  in  th e  in  vitro  
e x p e r im e n ts . P a r t ic u la r  a t te n t io n  is  g iv e n  to  th e  i r r a d ia t io n  p ro c e d u re s ,  th e  d r u g  t r e a t ­
m e n t  a n d  th e  c o m b in e d  sc h e d u le s .
C lo n o g e n ic  a s sa y  w a s  th e  m a in  m e th o d  u s e d  to  u n d e r s ta n d ,  a n d  to  m a k e  p r e d ic ­
t io n s  a b o u t ,  ce ll r e s p o n s e  to  c o n v e n tio n a l c h e m o - ra d io th e ra p y  o r  a l te rn a t iv e  th e ra p ie s ,  
l ik e  p a r t ic le  th e ra p y  a n d  F A R P  in h ib itio n . N o n -c lo n o g e n ic  a s sa y s  h a v e  a lso  b e e n  e m ­
p lo y e d , a n d  th e y  in c lu d e  ce ll g ro w th  c u rv e s , im m u n o f lu o re s c e n t d e te c tio n  o f  DSB in ­
d u c t io n  a n d  r e p a ir  b y  c o u n t in g  o f y -H 2 A X  foci, im m u n o f lu o re s c e n t q u a n t if ic a tio n  o f
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p o ly (A D P -rib o se )  sy n th e s is ,  a n d  ce ll d e a th  a n a ly s is  b y  m o rp h o lo g ic a l  c h a ra c te r iz a tio n  
o f  th e  ce ll n u c le u s  a n d  m e m b ra n e .  T h e  m a in  m e th o d s  fo r  d a ta  a n a ly s is  a re  a lso  p r e ­
s e n te d ,  w h ic h  in c lu d e  d e s c r ip tiv e  s ta tis t ic s  a n d  m a th e m a tic a l  m o d e llin g .
4 .2  CELL C U LTURE A N D  R E A G E N T S
F ive h u m a n  g lio m a  ce ll lin e s  (U 373, U 87 , T 98G , L N 18  a n d  U 251) w e re  u s e d  in  th is  
s tu d y . U 373 a n d  T 98G  ce lls  w e re  p ro v id e d  a s  a  g if t b y  M ic k  W o o d c o ck , G ra y  I n s t i tu te  
fo r  R a d ia tio n  O n c o lo g y  a n d  B io logy , O x fo rd , U K ; U 8 7  a n d  U 251 ce lls  w e re  o b ta in e d  
f ro m  th e  H e a l th  P ro te c t io n  A g e n c y  C u l tu re  C o lle c tio n s  (H P A C C , W iltsh ire , U K ) a n d  
L N 18  f ro m  th e  A m e r ic a n  T y p e  C u l tu re  C o lle c tio n  (A T C C , M id d le se x , U K ). A ll ce ll 
lin e s  w e re  c o n f irm e d  M ycoplasm a  f re e  b e fo re  u se . T h e  ce lls  w e re  c u l tu r e d  in  E a g le 's  
M in im u m  E sse n tia l M e d iu m  (EM EM ) c o n ta in in g  10%  fe ta l b o v in e  s e ru m , 1%  p e n i ­
c i l l in / s t r e p to m y c in ,  4  m M  L -g lu ta m in e , 1 m M  s o d iu m  p y ru v a te ,  1500 m g / L  s o d iu m  
b ic a rb o n a te  a n d  1% M E M  e a g le  n o n  e s s e n tia l  a m in o  a c id s  (L o n z a , B e rk sh ire , U K ).
C e lls  w e re  m a in ta in e d  a t  3 7 °C  w i th  5%  C O 2 a n d  80%  h u m id ity , a n d  p a s s a g e d  w e e k ly  
b y  e x p o s in g  th e m  in  0.25%  t r y p s in /v e r s e n e  a n d  th e n  r e s u s p e n d e d  in  g r o w th  m e d iu m .
A s  p re v io u s ly  d e te r m in e d  b y  H e rm is s o n  e t  al. (2006), T 98G  a n d  L N 1 8  e x p re s s  h ig h  
le v e ls  o f  M G M T  a c tiv i ty  w h e re a s  U 373 , U 87  a n d  U 251 s h o w  v e ry  lo w  lev e ls . In  te rm s  
o f  P53 s ta tu s ,  U 8 7  is  p 5 3  w ild  ty p e  w h e re a s  th e  o th e r  ce ll lin e s  a re  m u ta n t  fo r  P53 
(H e rm is s o n  e t  al., 2006).
4.3 IR R A D IA T IO N  PR O TO C O LS
4.3.1 Irradiation w ith  conventional X -rays
X -ray  i r r a d ia t io n  w a s  p e r f o rm e d  u s in g  e i th e r  a  P a n ta k  m a c h in e  o p e r a t in g  a t  300  k V p  
w ith  a  d o s e  r a te  o f  1 G y /m in  o r  a  G u lm a y  m a c h in e  a t  250 k V p  w ith  a  d o s e  r a te  o f 
0.65 G y /m in  (R oyal S u rre y  C o u n ty  H o s p ita l ,  G u ild fo rd ,  U K ). C e lls  w e re  g r o w n  in  6- 
w e ll p la te s  a n d  in c u b a te d  fo r  5 h  b e fo re  ir ra d ia t io n .  C e lls  w e re  th e n  e x p o s e d  a t  ro o m  
te m p e r a tu re  to  d o se s  b e tw e e n  1 to  6 Gy.
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4.3.2 Irradiation w ith  protons and alpha particles
T h e  v e r tic a l b e a m  lin e  a t  th e  U n iv e rs ity  o f S u rrey , Io n  B eam  C e n tre  (K irk b y  e t al., 
2007a), w ith  a  2 M V  T a n d e m  a c c e le ra to r  w a s  u s e d  to  p r o d u c e  p r o to n s  a n d  a lp h a  p a r ­
tic le s  a t  e n e rg ie s  o f 3 a n d  6 MeV, re sp e c tiv e ly , w ith  a  v o lu m e -a v e ra g e d  LET o f  12.91 
a n d  99.26 k e V /p m  o n  th e  ta rg e t  (a s s u m in g  th a t  th e  ce ll n u c le u s  c a n  b e  a p p ro x im a te d  
to  a  sp h e re , 10 p m  in  d ia m e te r ) .  T able 4.3.1 s u m m a r is e s  th e  s p r e a d  o f e n e rg ie s  a n d  
LETs w ith in  th e  ce ll n u c le u s . D o se s  s im ila r  to  th e  X -ray  e x p e r im e n ts ,  b e tw e e n  0.4 a n d  
6.57 Gy, w e re  a p p l ie d  u s in g  a  p a r t ic le  f lu e n c e  o f 1.27 x 10^ p a r t ic le s /c m ^ .  C e lls  w e re  
p la te d  o n  c u s to m -d e s ig n e d  p e t r i  d is h e s  a n d  i r r a d ia te d  th r o u g h  a  p o ly p ro p y le n e  fo il 
(4 p m  th ick ). A t f irs t, ce lls  w e re  d i lu te d  to  a  f in a l c o n c e n tra tio n  o f 1 x 10^ c e l l s /m l  
a n d  p ip e t te d  in  a  d r o p le t  o n to  th e  p o ly p ro p y le n e  d ish . T h e  d is h  c a n  c o n ta in  a  n u m b e r  
o f d ro p le ts ,  in c lu d in g  th e  c o n tro l , e a c h  o f w h ic h  rec e iv e s  a  d if fe re n t r a d ia t io n  d o se  
(Eig. 4.3.1). T h e  S u rre y  sy s te m  p o sse s se s  a  c o m p u te r -c o n tro lle d  XY s ta g e  (M a rh a u se r , 
W etz lar, G e rm a n y )  th a t  is a b le  to  p re c is e ly  m o v e  th e  s ta g e  to  e a c h  r e q u ir e d  lo c a tio n  o f 
th e  d is h  re la tiv e  to  th e  fix ed  n o z z le  p o s it io n . Im m e d ia te ly  a f te r  i r ra d ia t io n ,  ce lls  w e re  
r e p la te d  a t lo w e r  c o n c e n tra tio n s  a n d  th re e  w e lls  p e r  d o se  w e re  u se d . T h e  p a r t ic le  f lu ­
e n c e  m e a s u re m e n t  w a s  b a s e d  o n  s in g le -p a r tic le  c o u n tin g  u s in g  a  P iN  d io d e  m o u n te d  
in to  th e  c a m e ra  ob jec tiv e  lo c a te d  o v e r  th e  b e a m  e x it w in d o w  in  th e  s a m e  p la n e  a s  th e  
s a m p le  to  b e  ir ra d ia te d .  T h e  f in a l f lu e n c e  to  b e  d e liv e re d  w a s  m e a s u r e d  a n d  p re - s e t  
b e fo re  e a c h  e x p e r im e n t. W h e n  th e  fix ed  n u m b e r  o f p a r tic le s  w a s  d e l iv e re d , e le c tro ­
s ta tic  d e f le c to rs  s to p p e d  th e  b e a m  w ith  a  r e s p o n s e  tim e  o f 10 n s , a n d  th e n  th e  s ta g e  
w a s  m o v e d  to  th e  n e x t i r ra d ia t io n  p o s it io n .
1.5 mm
1.5 mm
Droplet 
of cells
42 mm
E ig u re  4.3.1.: S ch e m a tic  re p re s e n ta t io n  o f th e  b ro a d -b e a m  ir ra d ia t io n  s e t-u p . T h e  d is h  
c a n  c o n ta in  a  n u m b e r  o f d ro p le ts  (d i-d 6 ) ,  in c lu d in g  th e  c o n tro l (C ), e a c h  
o f w h ic h  rece iv es  a  d if fe re n t r a d ia t io n  d o se . A  d isc  o f C R 39 p la s tic  is  
i r ra d ia te d  as a n  in d e p e n d e n t  v e r if ic a tio n  o f th e  d o s im e try . A d a p te d  f ro m  
Je y n e s  e t  al. (2011).
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T h e  d e l iv e re d  d o s e  w a s  c a lc u la te d  a c c o rd in g  to  th e  e q u a tio n :
D (G y )  =  1.6 x  lO - ^ F L l/p (4 -1)
w h e r e  D  is  th e  d o s e  in  Gy, F is  th e  p a r t ic le  f lu e n c e  in  p a r t ic le s /c m ^ ,  L is  th e  ce ll 
n u c le u s  v o lu m e -a v e ra g e d  L E T  in  k e V /p m  c a lc u la te d  b y  th e  s to p p in g  p o w e r  a n d  ra n g e  
o f  io n s  in  m a t te r  (SR IM ) p r o g ra m  (Z ie g le r  e t  a l., 2010), p is  th e  ce ll d e n s i ty  in  g /c m ^  
th a t  is  a s s u m e d  to  b e  e q u a l  to  1 g /c m ^  a s  th e  re fe re n c e  d e n s i ty  o f  l iq u id  w a te r , a n d
1.6 X 10“ ^ is  a  c o n v e rs io n  fa c to r  a s  th e re  a re  1.6 x  10~^^ J p e r  eV. In  a d d i t io n ,  d is c s  o f 
ra d io c h ro m ic  film  (G a fC h ro m ic , H a r p e l l  A sso c ia te s  In c , O n ta r io , C a n a d a )  a n d  C R 39 
p la s t ic  (TASL L td , B ris to l, U K ) w e re  i r r a d ia te d  in  th e  s a m p le  w h e e l a s  a n  in d e p e n d e n t  
v e r if ic a tio n  o f th e  d o s im e try . T h e  d e ta ils  o f th e  i r r a d ia t io n  p r o c e d u re  a n d  d o s im e tr y  
h a v e  b e e n  d e s c r ib e d  e ls e w h e re  (Jey n es e t  a l., 2011).
T ab le  4.3.1.: T h e  in c id e n t en e rg y , th e  c o n t in u o u s  s lo w in g  d o w n  a p p ro x im a tio n  (C S D A ) 
ra n g e  in  w a te r , th e  e n e rg ie s  a n d  LETs a t  th e  e n t ra n c e  su r fa c e , th e  m id d le ,  
a n d  th e  e x it s u r fa c e  o f th e  ce ll n u c le u s , a n d  h e n c e  th e  v o lu m e -a v e ra g e d  
LE T  w ith in  th e  ce ll n u c le u s  fo r  th e  p a r t ic le  b e a m s  u s e d  in  th is  s tu d y . T h e se  
v a lu e s  w e re  c a lc u la te d  in  S R IM  (Z ieg le r  e t  a l., 2010), ta k in g  in to  a c c o u n t 
th e  e n e rg y  lo ss  th r o u g h  e a c h  c o m p o n e n t  o f  th e  b e a m  p a th ,  a n d  a s s u m in g  
th a t  th e  ce ll n u c le u s  c a n  b e  a p p ro x im a te d  to  a  s p h e re , 10 p m  in  d ia m e te r .
At entrance (o jxm) At middle (5 jxm) At exit (10 (xm)
Particle Incident CSDA Energy LET Energy LET Energy LET Volume-
energy
(MeV)
range in 
water 
(fim)
(MeV) (keV/(i.m) (MeV) (keV/jim) (MeV) (keV/jxm) averaged
LET
(keV/(xm)
H+ 3 145.44 2.83 12.68 2.76 12.91 2.70 13.14 12.91
He^+ 6 48.08 4 93 92.3 4.46 98.83 397 107.1 99.26
4.4 DR U G  PR O T O C O L S
4.4.1 T M Z  treatm ent
T M Z  w a s  p r o v id e d  b y  F lu k a  (S ig m a -A ld ric h , D o rs e t, U K ) a n d  r e c o n s t i tu te d  in  d im e th y l-  
s u lfo x id e  (D M SO ) to  a  f in a l c o n c e n tra tio n  n o t  e x c e e d in g  0.1%  (a t th is  c o n c e n tra tio n , 
D M S O  a lo n e  h a d  n o  e ffec t o n  ce ll v ia b ility ). T M Z  w a s  a d m in is te r e d  a t  d if fe re n t c o n ­
c e n tra t io n s  a n d  e x p o s u re  tim e s  a c c o rd in g  to  th e  ty p e  o f  e x p e r im e n t .
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F o r s in g le  T M Z  cy to to x ic ity , ce lls  w e re  e x p o s e d  c o n t in u o u s ly  to  in c re a s in g  c o n c e n tra ­
tio n s  o f T M Z  a c c o rd in g  to  th e  M G M T  s ta tu s , f ro m  5 to  100 p M  fo r M G M T -m e th y la te d  
ce lls  a n d  25 to  1000 p M  fo r M G M T -u n m e th y la te d  cells.
F o r th e  e x p e r im e n ts  o f c o m b in e d  T M Z  a n d  r a d io th e r a p y  u s in g  X -rays, p ro to n s  a n d  
a lp h a  p a r tic le s , T M Z  w a s  a d m in is te re d  in  d o se s  o f 25 a n d  50 p M  in  a c c o rd a n c e  to  
th e  T M Z  p o p u la t io n  p h a rm a c o k in e tic  v a lu e s  in  p la s m a  a n d  c e re b ro sp in a l f lu id  (CSF) 
r e p o r te d  b y  O s te rm a n n  e t  al. (2004). E xp lic itly , th e  T M Z  c o n c e n tra tio n  o f 25 p M  c o rre ­
s p o n d s  to  th e  in  vivo  p la s m a  c o n c e n tra tio n  o f 75 m g /m ^  (c o n c o m ita n t p h a s e )  a n d  50 
p M  o f 150 m g /m ^  (a d ju v a n t p h a se ) . F o r  th e  X -ray  e x p e r im e n ts , a f te r  a l lo w in g  t im e  to  
a t ta c h  (5 h ), ce lls  re c e iv e d  T M Z  in  d o se s  o f 25 a n d  50 p M  fo r  a  to ta l e x p o s u re  t im e  o f 
2 h , in c lu d in g  1 h  b e fo re  ir ra d ia t io n  (Fig. 4.4.1). A fte r  2 h  w ith  T M Z , th e  m e d iu m  w a s  
re m o v e d  a n d  th e n  f re sh  m e d iu m  w a s  a d d e d .  In  th e  ca se  o f p ro to n s  a n d  a lp h a  p a r tic le s , 
ce lls  w e re  in c u b a te d  w ith  T M Z  2 h  b e fo re  i r ra d ia t io n ,  a n d  th e n  try p s in is e d ,  c o u n te d ,  
a n d  t r a n s fe r r e d  in to  c u s to m -d e s ig n e d  d ish e s .
W h e n  T M Z  w a s  c o m b in e d  w ith  ABT-888 a n d  X -rays, th e  d o s e  a d m in is te r e d  w a s  
low er, 5 p M  fo r  th e  M G M T -m e th y la te d  ce lls  a n d  10 p M  fo r  th e  M G M T -u n m e th y la te d  
ce lls , a n d  th e  e x p o s u re  tim e  w a s  2 h.
TMZ ;
.....  ll
Drug-free media >
<------->
2 h
D1 S' D2' ' D14' '
F ig u re  4.4.1.: S c h em atic  r e p re s e n ta t io n  o f th e  t r e a tm e n t  s c h e d u le  fo r  r a d io th e r a p y  a n d  
c o n c o m ita n t T M Z  fo r  2 h .
4.4.2 A B T -888 treatm ent
A BT-888 w a s  s u p p lie d  b y  E n z o  L ife S c iences (F a rm in g d a le , U S) a n d  r e c o n s t i tu te d  in  
M illi-Q  w a te r . F o r s in g le  ABT-888 cy to to x ic ity , ce lls  w e re  in c u b a te d  c o n t in u o u s ly  w i th  
in c re a s in g  c o n c e n tra tio n s  o f A BT-888 f ro m  0.002 to  50 pM .
F o r th e  c o m b in e d  e x p e r im e n ts  w ith  T M Z  a n d  X -rays, ABT-888 w a s  u s e d  a t  a n  e n d  
c o n c e n tra t io n  o f 5 p M  a n d  a d m in is te re d  fo r 5 h  p r io r  to  T M Z  tr e a tm e n t  (2 h  e x p o s u re  
tim e) a n d  i r ra d ia t io n  (Fig. 4.4.2).
4-5  e n d  p o i n t  p r o t o c o l s  7 0
ABT-888 TMZ 
1.............
Drug-free media >
<---------------------- X ------->
5 h  2 h
D1 ’ D2' ' 014 '
F ig u re  4.4.2.: S ch e m a tic  r e p re s e n ta t io n  o f th e  tr e a tm e n t  s c h e d u le  fo r  A BT-888 5 h  e x p o ­
s u re  p r io r  to  r a d io th e r a p y  a n d  c o n c o m ita n t T M Z  fo r  2 h .
4.5 E N D  P O I N T  P R O T O C O L S
4.5.1 Cell grow th  analysis
To c h a ra c te r iz e  ce ll p ro life ra t io n  a n d  d o u b lin g  tim e  in  r e s p o n s e  to  T M Z , g ro w th  c u rv e s  
w e re  p e r f o rm e d  w ith  o r  w i th o u t  T M Z  c o n c e n tra tio n s  o f 25 a n d  50 p M  o n  fo u r  ce ll lin e s  
(L N 18, T 98G , U 87  a n d  U 373). C e lls  w e re  d i lu te d  to  1 x 10“^ c e l ls /m l  a n d  s e e d e d  in  24- 
w e ll p la te s  w ith  1 m l o f th e  a p p r o p r ia te  ce ll s u s p e n s io n  p e r  w ell. A fte r  4 h , ce lls  f ro m  
th re e  w e lls  p e r  p la te  w e re  t r y p s in iz e d  w ith  100 p i o f 1:10 t r y p s in  in  v e rse n e  (S ig m a- 
A ld r ic h , D o rse t, U K ) a n d  c o u n te d  u s in g  a  h a e m o c y to m e te r .  C e lls  w e re  th e n  c o u n te d  
e v e ry  24 h  fo r  6 to  14 d a y s . F a c h  se t o f e x p e r im e n ts  w a s  p e r f o rm e d  in  d u p lic a te .
4.5.2 Im m unofluorescence detection o f y - H z A X
U 87 a n d  L N 18  ce lls  w e re  g ro w n  o n  g la ss  s lid e s  a t  a  c o n c e n tra tio n  o f 1 x  10^ c e l l s /m l ,  
i r r a d ia te d  w ith  a  2 G y  d o s e  o f X -rays w ith  o r  w i th o u t  T M Z  a t  c o n c e n tra tio n s  o f  25 
a n d  50 pM . In  th e  ca se  o f p r o to n  a n d  a lp h a  p a r tic le  i r ra d ia tio n ,  d is h e s  w e re  t r e a te d  fo r 
1 h  a t  37 °C  w ith  10 p g / m l  f ib ro n e c tin  ( In v itro g e n , O re g o n , U S) in  o rd e r  to  p r o m o te  
ce ll a t ta c h m e n t to  th e  p o ly p ro p y le n e  foil. A fte r  ex cess  f ib ro n e c tin  w a s  re m o v e d  b y  
a s p ira t io n ,  5 x 10^ ce lls  w e re  a d d e d  to  e a c h  i r ra d ia t io n  p o s it io n  in c lu d in g  th e  c o n tro l ,  
a n d  a t ta c h m e n t w a s  a llo w e d  to  p ro c e e d  fo r 1 h . C e lls  w e re  th e n  i r r a d ia te d  w ith  a  2 G y  
e q u iv a le n t  d o s e  o f 3 M eV  p ro to n s  a lo n e  o r in  c o m b in a t io n  w ith  a s in g le  c o n c e n tra tio n  
o f 25 p M  T M Z . A fte r  a  to ta l e x p o s u re  tim e  to  T M Z  o f 2 h  th e  m e d iu m  w a s  a s p ira te d ,  
a n d  ce lls  w e re  in c u b a te d  fo r v a r io u s  p o s t- re c o v e ry  tim e  p o in ts  (1, 4 a n d  24 h) a n d  fix ed  
in  2%  p a r a fo rm a ld e h y d e  in  PBS fo r  15 m in  a n d  th e n  w ith  0.5%  tr i to n  (S ig m a -A ld ric h , 
D o rse t, U K ) in  PBS fo r  10 m in  a t  ro o m  te m p e ra tu re .  A f te rw a rd s , ce lls  w e re  w a s h e d  
in  PBS tw ic e  b e fo re  a d d in g  a d i lu t io n  o f 0.4%  b o v in e  s e ru m  a lb u m in  (BSA; S ig m a -
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A ld r ic h , D o rs e t, U K ) in  PBS fo r  20 m in . T h e n  a n t i- p h o s p h o -h is to n e  H 2 A X  (M illip o re , 
W a tfo rd , U K ) w a s  a d d e d  a t  a  d i lu t io n  o f  1:500 in  0 .4%  BSA  in  PBS fo r  45 m in . T h e  ce lls  
w e re  th e n  w a s h e d  a g a in  th re e  tim e s  w i th  PBS b e fo re  p la c in g  th e m  in  a  d a r k e n e d  e n v i­
r o n m e n t  w i th  a  F IT C -c o n ju g a te d  g o a t  a n t i-m o u s e  Ig G  s e c o n d a ry  a n t ib o d y  (M illip o re , 
W a tfo rd , U K ) a t  a  d i lu t io n  o f  1:400 in  0.4%  BSA  in  PBS fo r  a n o th e r  45  m in . C e lls  w e re  
w a s h e d  o n c e  w i th  PBS a n d  th e n  th e  n u c le i w e re  s ta in e d  w ith  3 p M  p r o p id iu m - io d id e  
( In v itro g e n , O re g o n , U S) in  PBS fo r  15 m in . T h e  ce lls  w e re  f in a lly  w a s h e d  tw ic e  w i th  
PBS b e fo re  m o u n t in g  th e m  o n  g la ss  co v e rs lip s  w i th  V ec ta sh ie ld  h a rd - s e t  m o u n t in g  
m e d iu m  (V ector la b o ra to r ie s , P e te rb o ro u g h , U K ). T h e  s lid e s  w e re  e x a m in e d  o n  a  L SM  
510 M E T A  la s e r  s c a n n in g  c o n fo c a l m ic ro sc o p e . Im a g e s  w e re  c a p tu r e d  b y  a  c a m e ra  
a n d  im p o r te d  in to  th e  Z e iss  L S M  im a g e  a n a ly s is  s o f tw a re  p a c k a g e . F o r  e a c h  t r e a tm e n t  
c o n d i t io n  tw o  s lid e s  w e re  e v a lu a te d  a n d  y -H 2 A X  fo ci w e re  d e te rm in e d  b y  e y e  in  a t  
le a s t  100 r a n d o m ly  se le c te d  ce lls  p e r  s a m p le  f ro m  tw o  in d e p e n d e n t  e x p e r im e n ts .
4.5.3 Im m unofluorescence quantification o f  poly(AD P-rihose) signal
C e lls  w e re  g ro w n  in  t r e a te d  60 x  15 m m  p o ly s ty re n e  d is h e s  a t  a  c o n c e n tra t io n  o f  
5 x 10^ c e l ls /m l .  A fte r  2 h  e x p o s u re  to  5 p M  A BT-888, ce lls  w e re  t r e a te d  w i th  20 m M  
h y d r o g e n  p e ro x id e  (H 2O 2) fo r  10 m in  w i th  o r  w i th o u t  5 p M  ABT-888. C e lls  w e re  
th e n  w a s h e d  w i th  ic e -co ld  PBS a n d  fix e d  w i th  ic e -co ld  m e th a n o l /a c e to n e  (50:50) fo r  5 
m in . S a m p le s  w e re  th e n  w a s h e d  tw ic e  w i th  ic e -co ld  PBS a n d  in c u b a te d  w i th  1%  BSA  
in  PBS fo r  30  m in , b e fo re  b e in g  p r o b e d  fo r  p A D P r  a d d in g  a n  a n ty -p A D P r  a n t ib o d y  
(ab  14459; A b e a m , C a m b r id g e , U K ) a t  a  d i lu t io n  o f 1:400 in  1%  BSA  in  PBS fo r  1 h  
a t  ro o m  te m p e ra tu re .  C e lls  w e re  th e n  w a s h e d  th r e e  tim e s  w i th  PBS b e fo re  a d d in g  
F IT C -c o n ju g a te d  g o a t  a n t i-m o u s e  Ig G  s e c o n d a ry  a n t ib o d y  (M illip o re , W a tfo rd , U K ) a t  
a  d i lu t io n  o f 1:400 in  1%  BSA  in  PBS fo r  1 h  p r o te c te d  f ro m  lig h t. C e lls  w e re  w a s h e d  
th re e  tim e s  w i th  PBS b e fo re  a d d in g  2.5 p g / m l  4 ',6 -d ia m id in o -2 -p h e n y lin d o le  d ila c ta te  
(D A P I; In v itro g e n , O re g o n , U S) in  PBS fo r  1 m in . F ina lly , ce lls  w e re  w a s h e d  o n c e  w i th  
PBS a n d  r o u n d  co v e rs lip s  w e re  m o u n te d  w ith  10 p i o f  P ro L o n g  G o ld  a n t i- fa d e  r e a g e n t  
( In v itro g e n , O re g o n , U S). T h e  co v e rs lip s  w e re  s e a le d  w i th  n a i l  p o lis h  to  p r e v e n t  d r y in g  
a n d  m o v e m e n t u n d e r  th e  m ic ro sc o p e . S a m p le s  w e re  a n a ly s e d  u s in g  th e  m ic ro s c o p e  
d e s ig n e d  b y  V ojnovic e t  al. a n d  d e s c r ib e d  in  a  s e p a ra te  p a p e r  K irk b y  e t  al. (2007a) 
a t  X40 m a g n if ic a tio n . Im a g e  p ro c e s s in g  w a s  d o n e  u s in g  Im a g e J  (V I.44P , N a t io n a l  
In s t i tu te s  o f H e a lth , B e th e sd a , U S) a n d  th e  p A D P r  s ig n a l in te n s i ty  w a s  m e a s u r e d  a s  
th e  m e a n  g ra y  v a lu e  ( a rb itr a ry  u n it ,  a .u ., in  th e  in te rv a l  [0-255]) w i th in  se le c te d  r e g io n s
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o f  in te r e s t  (RO I) c o r re s p o n d in g  to  th e  re la tiv e  D A P I-s ta in e d  n u c le i. In  a d d i t io n ,  th e  
b a c k g ro u n d  n o is e  w a s  re m o v e d  b y  s u b tr a c t in g  th e  m e a n  g ra y  v a lu e  o u ts id e  th e  n u c le i  
f ro m  th e  m e a n  v a lu e  w i th in  th e  R O I.
4 .5 .4  A n a lys is  o f  apoptosis
C ells  w e re  t r e a te d  w i th  5 p M  A B T-888 fo r  5 h  b e fo re  b e in g  e x p o s e d  to  c o n c o m ita n t  
T M Z  (5 o r  10 pM ) a n d  r a d io th e r a p y  (2 ,3  a n d  4  G y ), a s  p re v io u s ly  d e s c r ib e d  in  S e c tio n  
4.4.2. C e lls  w e re  c o lle c te d  a t  d if fe re n t  t im e  p o in ts  a f te r  i r ra d ia t io n  (1, 5, 10, 24, 48 
a n d  7 h  fo r  3 G y; a n d ,  24 a n d  48 h  fo r  2 a n d  4  G y) a n d  fix e d  in  1%  f o rm a ld e h y d e  
(S ig m a -A ld ric h , D o rs e t, U K ). S a m p le s  w e re  s ta in e d  w i th  10 p g / m l  a c r id in e  o ra n g e  
(A O ) a n d  8.3 p g / m l  H o e c h s t  33342 (H O ) (b o th  In v itro g e n , O re g o n , U S). A O  s ta in s  
b o th  c y to p la s m  a n d  n u c le u s ,  w h ile  H O  o n ly  th e  D N A . C e lls  w e re  th e n  m o u n te d  o n  
g la ss  c o v e rs lip s  a n d  a n a ly s e d  u s in g  th e  m ic ro sc o p e  d e s c r ib e d  in  S u b se c tio n  4.5.3. T h e  
m o rp h o lo g ic a l  c h a ra c te r iz a tio n  o f  ce ll d e a th  in c lu d e d  a p o p to s is ,  n e c ro s is  a n d  m ito tic  
c a ta s tro p h e . B e tw e e n  200 to  400 ce lls  w e re  s c o re d  fo r  e a c h  sa m p le .
4.5.5 Clonogenic su rv iva l assay
C lo n o g e n ic  a s sa y  w a s  u s e d  to  e v a lu a te  s in g le  d r u g  c y to to x ic ity  (T M Z  a n d  A B T-888) 
a n d  c o m b in e d  t r e a tm e n ts  (T M Z  a n d  X -rays; T M Z  a n d  p ro to n s ;  T M Z  a n d  a lp h a  p a r t i ­
c les; A BT-888, T M Z  a n d  X -rays). C e lls  w e re  g ro w n  in  6-w eII p la te s  a n d  a f te r  t r e a tm e n t  
in c u b a te d  fo r  u p  to  14 d a y s . C o lo n ie s  w e re  fix e d  w i th  50%  e th a n o l in  PBS a n d  th e n  
s ta in e d  w i th  5%  c ry s ta l v io le t  in  PBS (S ig m a -A ld ric h , D o rs e t,  U K ). T h e  c o lo n ie s  w i th  
m o re  th a n  50  ce lls  w e re  c o u n te d  a n d  th e  s u rv iv a l  f ra c tio n s  w e re  d e te r m in e d  ta k in g  
in to  c o n s id e ra t io n  th e  p la t in g  effic ien cy  fo r  a ll t r e a tm e n t  m o d a li t ie s  b a s e d  o n  th r e e  
s e p a ra te  e x p e r im e n ts .
4 .6  D A T A  A N A L Y S IS
4.6.1 Sta tistics
A ll e x p e r im e n ts  w e re  p e r f o rm e d  in  e i th e r  d u p lic a te  o r  tr ip lic a te . T h e  e r ro r  b a r s  r e p ­
re s e n t  e i th e r  th e  s ta n d a r d  d e v ia tio n  o r  th e  s ta n d a r d  e r ro r  (i.e. s ta n d a r d  d e v ia t io n  
d iv id e d  b y  th e  s q u a re  ro o t  o f th e  s a m p le  s ize ) a m o n g  th e  d if fe re n t e x p e r im e n ts .  S ta tis ­
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tic a l s ig n ific a n c e  w a s , w h e n e v e r  p o s s ib le , d e te rm in e d  u s ir ig  th e  M a tla b  (R z o io a , T h e  
M a th w o rk s , N a tic k , U S) tw o -s a m p le  t- te s t  fu n c tio n  a s s u m in g  th a t  th e  tw o  s a m p le s  
c o m e  f ro m  n o r m a l  d is t r ib u t io n s  w i th  e q u a l v a r ia n c e s  a n d  a  95%  c o n f id e n c e  in te rv a l.
4 .6 .2  D ata m odelling
T h e  D N A  r e p a i r  k in e tic s  w a s  m a th e m a tic a l ly  d e s c r ib e d  b y  a n  e x p o n e n tia l  d e c a y  p r o ­
cess  a s  fo llo w s
N (t)  =  N  0 ex p  (—At) (4.2)
w h e re  N  is  th e  n u m b e r  o f  fo c i ( fo c i/c e ll) ,  t  is  th e  t im e  (h), N q is  th e  in it ia l  n u m b e r  o f 
foci ( fo c i/c e ll) ,  a n d  A is  th e  d e c a y  c o n s ta n t  ( i / h ) .  T h u s , th e  h a lf- life  t ]  /2  (h) is  o b ta in e d  
b y  d iv id in g  ln (2 ) b y  th e  c o r re s p o n d in g  d e c a y  c o n s ta n t ,  A.
T h e  d o s e - re s p o n s e  d a ta  fo r  s in g le  d r u g s  w e re  d e s c r ib e d  b y  th e  H ill  e q u a t io n  (H ill,
1910; W a g n e r, 1968), w id e ly  u s e d  in  p h a rm a c o lo g y , a s  fo llo w s
w h e re  E is  th e  m e a s u r e d  effec t o f  th e  d r u g  (i.e. s u rv iv a l  fra c tio n ), C is  th e  d r u g  c o n ­
c e n tr a t io n  (p M ), E m ax  is  th e  m a x im u m  d r u g  effec t (a t o r  n e a r  1), EC50 is  th e  d r u g  
c o n c e n tra t io n  fo r  w h ic h  50%  o f  m a x im u m  effec t is  o b ta in e d  (p M ), a n d  n  is  th e  s h a p e  
p a ra m e te r ,  w h ic h  r e p re s e n ts  th e  s te e p n e s s  o f  th e  d o s e - re s p o n s e  c u rv e .
T h e  L Q  m o d e l  w a s  u s e d  to  e v a lu a te  a n d  c o m p a re  th e  r a d ia t io n  s u rv iv a l  c u rv e s  a s  
d e s c r ib e d  in  S u b se c tio n  3.3.3 b y  E q . 3.6.
T h e  o b jec tiv e  fu n c tio n  to  b e  m in im iz e d  w a s
^  1
=  y  — (zk -  g(<ik.p))^ (4 4 )
w h e re  W]^, th e  w e ig h t ,  c a n  b e  a rb itra ry , h o w e v e r  fo r  th e  m o s t  p a r t  o f  th is  s tu d y  
w a s  e q u a l to  th e  v a r ia n c e  o f th e  m e a n  f ro m  d if fe re n t  e x p e r im e n ts  cr^, Zk is  th e  m e a n  
o f  th e  s u rv iv a l  f ra c tio n  a t  d o s e  d k , g ( d k ,p )  is  th e  m o d e l  p r e d ic te d  v a lu e  a t  d o s e  dk  
a n d  p  s e t o f  p a r a m e te r  v a lu e s , a n d  p  is  th e  p a r a m e te r  v e c to r  d e f in e d  a s  p  =  [a , (3]^  
in  th e  sp ec ific  ca se  o f  th e  L Q  m o d e l. T h e  e r ro rs  o f  th e  p a r a m e te r  b e s t  e s t im a te s  p  
a re  d e f in e d  as p  =  p  — p  a n d  th e ir  v a lu e s  w e re  c a lc u la te d  f ro m  th e  c o v a r ia n c e  m a tr ix
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=  U p  =  S)  ^ w h e re  S is  th e  J a c o b ia n  o f  th e  m o d e l fu n c tio n  a t  th e
s o lu t io n  w i th  M  p a r a m e te r s  (fo r th e  L Q  m o d e l  M  =  2 )
9g(di/P) I 
9pi lp=p  
9g(d2,p) I 
9pi lp=p
9g(di ,p)  I 
9p 2 lp=p 
9g(d2,p) I 
9p 2 ip==p
9g(dn,p) I 9g(dn,p) I
9pi Ip—p 9p2 lp=p
9g(di ,p) I 
9PM lp=P 
9g(d2,p) I 
9pM lp=p
9 g ( d n , p )  I 
9pM lp=P-
(4 5 )
a n d  is  th e  v a r ia n c e  m a tr ix  d e f in e d  a s  =  d i a g ( ( r f , a s s u m i n g  th a t  
th e  m e a s u re m e n t  e r ro rs  b e lo n g  to  a  G a u s s ia n  d is t r ib u t io n  a n d  a re  u n c o r re la te d .  T h e  
m e th o d  o f  w e ig h te d  le a s t-s q u a re s  w a s  e m p lo y e d  to  f it th e  d a ta  v ia  e i th e r  a  t ru s t- re g io n  
re f lec tiv e  N e w to n  a lg o r i th m  o r  th e  N e ld e r -M e a d  s im p le x  s e a rc h  m e th o d  b o th  im p le ­
m e n te d  in  M a tla b  (L a g a ria s  e t  a l., 1998; M o re  a n d  S o re n se n , 1983).
T h e  RBE w a s  m a th e m a tic a l ly  e s t im a te d  a t  10%  s u rv iv a l  (R B E io), a t  th e  in it ia l  s lo p e  
o f  th e  s u rv iv a l  c u rv e  a  (R B E a =  octest/c^ref)/ a n d  a t  th e  s u rv iv a l  le v e l a f te r  3 G yE  
(RBE3 GyE)' RBE v a lu e s  w e re  p r e d ic te d  m a th e m a tic a l ly  f ro m  th e  L Q  f itt in g s  o f  th e  
c lo n o g e n ic  d a ta  a n d  p r o p a g a t io n  o f u n c e r ta in ty  w a s  c o n s id e re d  in  th e  RBE e r r o r  a n a l­
y s is  (see  A p p e n d ix  A ).
4.6.3 A n a lys is  o f  drug-radiation interaction
T h re e  m e th o d s  w e re  u s e d  to  e v a lu a te  d ru g - r a d ia t io n  in te ra c t io n . T h e  s e n s it iz e r  e n ­
h a n c e m e n t  ra tio  (SER) w a s  e s t im a te d  f ro m  th e  L Q  f ittin g s  in  th e  fo llo w in g  w a y
SERx% =
d%%(no d r u g )  
•d x % (d ru g )
(4.6)
w h e r e  dx% (no  d r u g )  is  th e  r a d ia t io n  d o se  (G y) r e q u ir e d  to  p r o d u c e  x%  ce ll s u rv iv a l  
w i th o u t  d r u g  a n d  d x % (d ru g ) in  p re s e n c e  o f d r u g  (i.e. T M Z  a n d / o r  A BT-888). S ER  w a s  
c a lc u la te d  a t  d o se s  r e la te d  to  s u rv iv in g  f ra c tio n s  o f  37  a n d  50% .
T h e  is o b o lo g ra m  is  a  g ra p h ic a l  m e th o d  fo r  e v a lu a tin g  d r u g - d r u g  o r  d r u g - r a d ia t io n  
in te ra c t io n s  b a s e d  o n  th e  L o ew e a d d i t iv i ty  m o d e l  (L o ew e a n d  M u is c h n e k , 1926). A  
g ra p h ic a l  d is p la y  o f th e  is o b o lo g ra m  w a s  d e v e lo p e d  u s in g  th e  c o n to u r  p lo t t in g  w h e r e  
th e  c o n to u r  lin e s  jo in  p o in ts  a lo n g  w h ic h  th e  effect, in  th is  ca se  th e  s u rv iv a l  f ra c tio n , 
h a s  a  c o n s ta n t v a lu e . In  th is  w ay , i t  is  p o s s ib le  to  s im u lta n e o u s ly  p lo t  m u l t ip le  le v e ls  
o f  s u rv iv a l  u s in g  a d ja c e n t cu rv e s .
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T h e  c o m b in a t io n  in d e x  (C l), c o n c e p tu a lly  s im ila r  to  th e  iso b o lo g ra m , p r o v id e s  a  
n u m e r ic a l  v a lu e  o f  th e  in te ra c t io n  s t r e n g th  (Z h a o  e t  al., 2004), w h e re  fo r  tw o  a g e n ts  is  
s im p ly
w h e r e  C p x  a n d  €2,% a re  th e  d o se s  o f  a g e n t  1 a n d  a g e n t  2 u s e d  in  c o m b in a t io n  to  ac h ie v e  
x%  s u rv iv a l  f ra c tio n , ECx,i a n d  ECx,2 a re  th e  d o se s  o f th e  in d iv id u a l  c o m p o u n d s  fo r  
w h ic h  th e  s a m e  effec t x%  is  o b ta in e d . A  C l le ss  th a n  1, e q u a l  to  1, a n d  g re a te r  th a n  
1 in d ic a te s  s y n e rg is m , a d d i t iv e  effec t, a n d  a n ta g o n is m , resp e c tiv e ly . T h e  d e g re e  o f 
s y n e rg is m  o r  a n ta g o n is m  w a s  a lso  q u a n tif ie d  o n  th e  ra n g e s  o f C l v a lu e s  d e s c r ib e d  in  
C h o u  (2006).
4 .7  SU M M A R Y
T h e  ce ll lin e s  a n d  m e th o d s  p r e s e n te d  h e re  w e re  a p p l ie d  to  ac h ie v e  a n d  a n a ly s e  th e  
re s u lts  d e s c r ib e d  in  th e  fo llo w in g  c h a p te r. I t  w a s  im p o r ta n t  to  f irs t q u a n t if y  th e  c y to ­
to x ic  e ffec t o f  th e  c h e m o th e ra p e u t ic  a g e n ts  (T M Z  a n d  ABT-888) u s e d  a s  s in g le  d r u g s .
T h e  c o m b in a t io n  o f  th e s e  d r u g s  w ith  r a d ia t io n  (X -rays, p r o to n s  a n d  a lp h a  p a r t ic le s )  
in v o lv e d  u n d e r s ta n d in g  th e  n a tu r e  o f  th e ir  in te ra c t io n . T h is  w a s  m a in ly  m e a s u r e d  
b y  c h a n g e s  in  r a d ia t io n  s e n s it iv i ty  u s in g  ce ll s u rv iv a l ,  D SB in d u c t io n  a n d  re p a ir ,  a n d  
ce ll d e a th  a n a ly s is . Q u a n ti ta t iv e  m e th o d s  w e re  th e n  a p p l ie d  to  a s se s s  th e  n a tu r e  o f 
th e  in te ra c tio n . T h e se  in c lu d e  m a th e m a tic a l  m o d e ll in g ,  s ta tis t ic a l h y p o th e s is  te s t ,  SER, 
is o b o lo g ra m  a n d  C l a n a ly se s .
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5.1 IN T R O D U C T IO N
To v a l id a te  a n d  c o m p le m e n t th e  m o d e ll in g  w o rk  p r e s e n te d  in  C h a p te r  3 , a n d  s in c e  
th e re  a re  c o n flic tin g  p re c lin ic a l d a ta  in  th e  l i te r a tu r e  o n  w h e th e r  T M Z  a c ts  s y n e rg is t i-  
c a lly  w i th  r a d ia t io n  o r  is  in d e p e n d e n t ly  k ill in g  th e  tu m o u r  ce lls , th e  r e s p o n s e  o f  T M Z  
a n d  c o n v e n tio n a l p h o to n  r a d io th e r a p y  w a s  a s se s s e d  in  f o u r  h u m a n  g lio m a  ce ll lin e s  
w i th  a  h e te ro g e n e o u s  M G M T  s ta tu s .
V ery  lit t le  d a ta  e x is ts  o n  th e  e ffec ts  o f  h ig h -L E T  r a d ia t io n  o n  G B M  ce ll lin e s  a n d  
m o re o v e r  o n  th e  c o n c o m ita n t  a p p l ic a tio n  o f  c h e m o th e ra p y . H e n c e , th e  c o m b in a t io n  
o f  T M Z  w ith  h ig h -L E T  r a d ia t io n  w a s  in v e s tig a te d  u s in g  lo w -e n e rg y  3 M eV  p r o to n s  
a n d  6 M eV  a lp h a  p a r t ic le s  in  b o th  a n  M G M T -m e th y la te d  ce ll lin e  a n d  a n  M G M T - 
u n m e th y la te d  ce ll lin e . T h e  r e s u lts  p r e s e n te d  in  th e  f irs t  p a r t  o f  th is  c h a p te r  h a v e  a lso
76
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b e e n  p u b l is h e d  in  th e  Journal o f  Radiation Research  a n d  fo r  f u r th e r  d e ta i ls  th e  r e a d e r  is  
re fe r re d  to  B a ra z z u o l e t  al. (2012).
T h e  s e c o n d  p a r t  o f  th is  c h a p te r  in v e s tig a te s  th e  p o te n t ia l  ro le  o f th e  P A R P  in h ib i to r  
ABT-888 in  G B M  tre a tm e n t.  A  d o s e  r a n g e  a n d  t im e  c o u rse  o v e r  w h ic h  A B T-888 in h ib i ts  
P A R P  w a s  f irs t  d e te rm in e d . A f te rw a rd s , a  s c h e d u le  to  s tu d y  th e  c o m b in a t io n  o f  A BT- 
888, T M Z  a n d  X -ray s w a s  d e v e lo p e d . T h e se  f in d in g s  w il l  b e  s h o r tly  s u b m i t te d  to  th e  
In ternational Journal o f  Radiation, O ncology, Biology, and  Physics.
5.2 C O M B IN E D  TM Z A N D  R A D IO T H E R A P Y  U S IN G  X-R A Y S A N D  H IG H -L E T  R A D IA ­
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5.2.1 Cell se n s itiv ity  to T M Z
T h e  c y to to x ic  e ffec t o f  T M Z  w a s  e x a m in e d  in  a  p a n e l  o f five  h u m a n  g lio m a  ce ll l in e s , 
in c lu d in g  U 251, w h ic h  w ill  b e  e m p lo y e d  in  p la c e  o f  U 373 in  th e  e x p e r im e n ts  d e s c r ib e d  
in  S ec tio n  5.3. T h e  EC50 v a lu e s  fo r  th e  d r u g  to  p r o d u c e  50%  s u rv iv a l  r a n g e d  b e tw e e n  
8.11 (U 87) to  339.69 p M  (LN 18) (F ig . 5 .2 .1). T h e  M G M T -u n m e th y la te d  L N 18  a n d  
T 98G  ce ll lin e s  s h o w e d  th e  h ig h e s t  re s is ta n c e  to  T M Z . T h e se  d a ta  d e m o n s tr a te d  a  c le a r  
c o r re la t io n  b e tw e e n  th e  EC50 v a lu e s  a n d  th e  M G M T  m é th y la t io n  s ta tu s ,  in d ic a t in g  th a t  
M G M T  is  a n  im p o r ta n t  p re d ic tiv e  fa c to r  o f  r e s p o n s e  to  T M Z  (Fig. 5 .2 .if) .
5.2 .2  Cell grow th  analysis in  the presence o f  T M Z
G ro w th  c u rv e s  fo r  th e  M G M T -u n m e th y la te d  L N 18  a n d  T 98G  ce ll lin e s  a n d  th e  M G M T - 
m e th y la te d  U 87  a n d  U 373 ce ll lin e s  a re  s h o w n  in  F ig . 5.2.2. T h e re  w a s  n o  s ig n if ic a n t 
d if fe re n c e  in  th e  g r o w th  r a te  w h e n  M G M T -u n m e th y la te d  ce lls  w e re  in c u b a te d  w i th  
o r  w i th o u t  25 a n d  50 p M  T M Z . S im ila rly , T M Z  h a d  n o  e ffec t o n  th e  ce ll p o p u la t io n  
d o u b lin g  t im e  o f  M G M T -u n m e th y la te d  T 98G  ce lls  (re la tiv e  p e r c e n t  d if fe re n c e  < 1.2% ) 
a n d  a  m o d e s t  e ffec t o n  th e  L N 18  ce lls  b y  d e c re a s in g  th e  d o u b lin g  t im e  f ro m  23.96 to  
23.24 a n d  22.05 E  iu  th e  p re s e n c e  o f 25 a n d  50 p M  T M Z , re sp e c tiv e ly . In  c o n tra s t ,  th e  
M G M T -m e th y la te d  ce ll lin e s  s h o w e d  a  c le a r  d e c re a s e  in  g ro w th  r a te  a f te r  48 h  w h e n  
in c u b a te d  w i th  T M Z  a n d  th e n  a  p la te a u - l ik e  r e g io n  o v e r 14 d a y s  (d a ta  n o t  sh o w n ) . 
A c c o rd in g ly , th is  d e c re a s e  w a s  a c c o m p a n ie d  b y  lo n g e r  p o p u la t io n  d o u b lin g  tim e s  in  
b o th  U 8 7  a n d  U 373 ce ll lin e s . T h e  d a ta  a lso  in d ic a te  th a t  T M Z  effec ts  o n  th e  g ro w th
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c u rv e s  a re  d o s e -d e p e n d e n t ,  a n d  th e  d o u b lin g  tim e s  in c re a se  w ith  T M Z  d o s e s  o f 25 a n d  
50 fxM in  a  l in e a r  w ay.
LN18
10 10 
Dose of TMZ [p.M] 
U87
0.4
0.2
Dose of TMZ [p.M]
U251
0.8
D) 0 6
0.4
0.2
Dose of TMZ [jiM]
T98G
S 0.4
10 10 
Dose of TMZ [p,M] 
U373
Dose of TMZ [p.M]
=L 350
m 250
^200 
i  ISO
$ 100
LN18 T98G U87 U373 U251
F ig u re  5.2.1.: C e ll su rv iv a l  c u rv e s  o f tw o  M G M T -u n m e th y la te d  cell lin e s , L N 18  (a) a n d  
T98G  (b), a n d  th re e  M G M T -m e th y la te d  ce ll lin e s , U 87  (c), U 373 (d ) a n d  
U 251 (e). C e lls  w e re  e x p o s e d  c o n t in u o u s ly  to  in c re a s in g  c o n c e n tra t io n s  
o f T M Z  a lo n e . T h e  d a ta  w e re  f itte d  w ith  th e  H ill e q u a t io n  (so lid  lin e )  in  
o rd e r  to  e s t im a te  th e  EC50 v a lu e s  (f). E rro r  b a r s  in d ic a te  th e  s ta n d a r d  
e r ro r  o f a t  le a s t th re e  in d e p e n d e n t  e x p e r im e n ts .
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F ig u re  5.2.2.: G ro w th  c u rv e s  o f  M G M T -u n m e th y la te d  ce lls , L N 1 8  (a) a n d  T 98G  (b), a n d  
M G M T -m e th y la te d  ce lls , U 87  (c) a n d  U 373 (d). C e lls  w e re  in c u b a te d  w i th  
m e d iu m  a lo n e  (so lid  lin e ), o r  w i th  25 |xM (d a s h e d  lin e ) a n d  50  jiM  T M Z  
( d a s h -d o t lin e ). E rro r  b a r s  r e p r e s e n t  th e  s ta n d a r d  e r ro r  o f  th e  m e a n  o f  
tw o  in d e p e n d e n t  e x p e r im e n ts .
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5.2.3 Evaluation o fD N A  dam age and repair after X -rays, protons, alpha particles, and  T M Z
A s  p h o s p h o r y la t io n  o f  a  h is to n e  H 2 A  v a r ia n t ,  H 2A X , a t  th e  s ite s  o f  D SB s is  o n e  o f  th e  
e a r l ie s t  e v e n ts  in  th e  D N A  d a m a g e  r e s p o n s e  to  ra d ia t io n ,  L N 18  a n d  U 8 7  ce lls  w e re  a s ­
s e s s e d  to  d e te rm in e  w h e th e r  th e  a d d i t io n  o f  T M Z  to  a  c lin ic a l d o s e  o f  2 G y  X -ray s m a y  
e n h a n c e  th e  n u m b e r  o f  Y -H 2A X  fo c i a t  d if fe re n t t im e  p o in ts  a f te r  tr e a tm e n t.  P a r t ic u ­
la r  a t te n t io n  h a s  b e e n  g iv e n  to  th e  n u m b e r  o f y -H 2 A X  foci le f t u n r e p a ir e d  a f te r  24 h , 
w h ic h  is  o f te n  re la te d  to  ra d io s e n s i t iv i ty  (S a k a ta  e t  a l., 2007). T h e  k in e tic s  o f  y -H 2 A X  
fo c u s  fo rm a tio n  a n d  r e s o lu t io n  is  s h o w n  in  F ig . 5.2.3. F o r  th e  M G M T -u n m e th y la te d  
L N 18  ce lls  th e  n u m b e r  o f  D SB s a t  b a s e lin e  s lig h tly  in c re a s e d  w h e n  T M Z  w a s  a d d e d  
to  X -rays. H o w ev er, 24 h  a f te r  t r e a tm e n t  th e re  w a s  lit t le  o r  n o  d if fe re n c e  in  th e  r e s id ­
u a l  n u m b e r  o f  fo c i w h e n  ce lls  re c e iv e d  X -rays a n d  T M Z  c o m p a re d  w i th  X -ray s a lo n e  
{p = 0.5 fo r  2 G y  p lu s  25 p M  T M Z ; p = 0.28 fo r  2 G y  p lu s  50 p M  T M Z ). In  c o n tra s t ,  in  
M G M T -m e th y la te d  U 8 7  ce lls  th e  n u m b e r  o f  y -H 2 A X  fo c i in c re a s e d  w i th  T M Z  a d d i t io n  
to  X -rays a n d  p e r s is te d  u p  to  24 h  a f te r  t r e a tm e n t  {p < 0 .01). Q u a n ti ta t iv e  e v a lu a tio n  o f  
th e  foci n u m b e r  24 h  a f te r  t r e a tm e n t  s h o w e d  a n  a d d i t iv e  e ffec t b e tw e e n  r a d ia t io n  a n d  
T M Z  (Table 5.2.1).
T h e  n u m b e r  o f  y -H 2 A X  foci w a s  a lso  e v a lu a te d  a f te r  i r r a d ia t io n  w i th  3 M eV  p r o to n s  
a lo n e  o r  in  c o m b in a t io n  w i th  25 p M  T M Z  (Fig. 5.2.3). T h e  k in e tic s  o f D SB r e p a ir  
w a s  v e ry  s im ila r  b e tw e e n  X -ray s a n d  p ro to n s .  T h e  in it ia l  n u m b e r  o f  D SB s in d u c e d  b y  
p ro to n s  o n ly  w a s  s lig h tly  h ig h e r  th a n  b y  X -rays. In  c o n tra s t ,  a f te r  4  h  th e  n u m b e r  o f  
y -H 2 A X  fo c i w a s  lo w e r  th a n  th a t  in d u c e d  b y  X -rays. H o w ev er, b y  24 h  th e  n u m b e r  
o f  r e s id u a l  y -H 2 A X  fo c i w a s  c o m p a ra b le : in  L N 1 8  ce lls  3.48 a n d  3.82 fo c i /c e l l ,  a n d  in  
U 87  ce lls  2.58 a n d  2.62 fo c i /c e l l  a f te r  2 G y  X -ray s a n d  p ro to n s ,  re sp e c tiv e ly . A l th o u g h  
a t  1 h  f ro m  tr e a tm e n t  th e  DSB in d u c t io n  r a tio  o f p r o to n s  o v e r X -ray s w a s  1.32 a n d  1.33 
fo r  L N 18  a n d  U 87 , re sp e c tiv e ly , a f te r  24 h  i t  w a s  c lo se r  to  1 (1.1 fo r  L N 1 8  a n d  1.02 fo r  
U87).
T h e  a d d i t io n  o f 25 p M  T M Z  to  p ro to n s  g av e  e q u iv a le n t  r e s u l ts  to  p r o to n s  a lo n e  
fo r  M G M T -u n m e th y la te d  L N 18  ce lls  {p = 0 .27). In  c o n tra s t ,  in  M G M T -m e th y la te d  U 8 7  
ce lls  th e  n u m b e r  o f  D SB s w a s  m o d e ra te ly  h ig h e r  a t  e a c h  r e p a ir  t im e  p o in t  th a n  p r o to n s  
a lo n e  {p =  0.01). T h e  p a t te r n  o f a d d i t io n a l  y -H 2 A X  in d u c e d  b y  T M Z  w a s  a n a lo g o u s  to  
th a t  w ith  X -rays. A t  24 h  f ro m  p r o to n  i r r a d ia t io n  in  M G M T -m e th y la te d  U 8 7  ce lls , 2 .62  
a n d  4.96 f o c i /c e l l  w e re  fo u n d  a t 2 G y  a n d  2 G y  p lu s  25 p M  T M Z , re sp e c tiv e ly , t h a t  
c o r re s p o n d  to  16.27 a n d  29.81%  o f th e  n u m b e r  in d u c e d  a t  1 h  a f te r  tr e a tm e n t .  E q u a lly , 
a t  24 h  a f te r  X -rays, 2.58 a n d  4.58 fo c i /c e l l  w e re  c o u n te d ,  w h ic h  a c c o u n t fo r  21.32 a n d
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34.28%  o f th o s e  a t  1 h ,  re sp e c tiv e ly . T h e  a d d i t io n a l  p e rc e n ta g e  o f  D SB s in d u c e d  b y  
25 p M  T M Z  w a s  v e ry  s im ila r  w h e n  c o m b in e d  w i th  b o th  p r o to n s  (13.54% ) a n d  X -ray s 
(12.96% ).
W h e n  ce lls  w h e r e  i r r a d ia te d  w i th  a  2 G y  d o s e  o f  6 M eV  a lp h a  p a r t ic le s  (Fig. 5 .2 .3), 
th e  in it ia l  n u m b e r  o f y -H 2 A X  foci w a s  lo w e r  th a n  w i th  b o th  X -ray s a n d  3 M eV  p ro to n s .  
D e sp i te  th is , th e  r e s id u a l  n u m b e rs  o f  D SB s a t  24  h  a f te r  t r e a tm e n t  w e re  v e r y  s im ila r  
b e tw e e n  th e  d if fe re n t r a d ia t io n  fo rm s . O n c e  a g a in , th e  a d d i t io n  o f  25 p M  T M Z  s h o w e d  
s im ila r  v a lu e s  to  a lp h a  p a r t ic le s  a lo n e  fo r  M G M T -u n m e th y la te d  L N 18  ce lls  {p = 0 .78), 
a n d  a d d i t iv i ty  fo r  th e  M G M T -m e th y la te d  U 87  ce lls  (p = 0.04). F o r  6 M eV  a lp h a  p a r ­
tic le s , h ig h e r  p e rc e n ta g e s  o f  y -H 2 A X  foci w e re  f o u n d  a t  24 h  th a n  w i th  X -ray s a n d  
p ro to n s :  2.82 a n d  4.3 f o c i /c e l l  th a t  c o r re s p o n d  to  35.25 a n d  56.28%  o f  th o s e  a t  1 h , 
resp ec tiv e ly .
T h e  D N A  r e p a ir  k in e tic s  c a n  a lso  b e  d e s c r ib e d  b y  a  f irs t  o rd e r  e x p o n e n tia l  d e c a y  
p ro c e ss . T h e  e s t im a te d  D SB h a lf- liv e s  w e re  in  L N 18  ce lls  12.56 ±  1 .9 5 ,1 0 .6 6  ±  1.53 a n d
12.54 1.40 h  fo r  X -rays, p r o to n s  a n d  a lp h a  p a r tic le s ,  re sp e c tiv e ly , a n d  in  U 8 7  ce lls
10.37 ±  1.41, 8.24 ±  0.83 a n d  16.92 ±  2.74 h . In  M G M T -u n m e th y la te d  L N 1 8  ce lls  th e  
t im e  c o u rse s  a f te r  th e  d if fe re n t tr e a tm e n ts  w e re  la rg e ly  s im ila r.
T ab le 5.2.1.: R e s id u a l n u m b e r  o f  y -H 2 A X  foci a t  24  h  a f te r  t r e a tm e n t  in  M G M T - 
u n m e th y la te d  L N 18  ce lls  a n d  M G M T -m e th y la te d  U 87  ce lls  e x p o s e d  to  
e i th e r  25, 50  p M  T M Z  a n d  2 G y  X -rays, e i th e r  a lo n e  o r  in  c o m b in a t io n . 
V a lu es  r e p r e s e n t  th e  m e a n  n u m b e r  o f  fo c i p e r  ce ll ±  th e  s ta n d a r d  e r ro r  o f  
tw o  in d e p e n d e n t  e x p e r im e n ts .
y-H zA X  foci at 24 h  (foci/cell)
C ell lin e 25 jiM 50 nM 2 G y X-rays 2 G y X-rays + 25 p.M 2 G y X-rays + 50 |iM
LN18
U87
1.88 ±  0.57 
3.36 ±  0.69
2.4 ±  0.65 
3.56 ±  0.69
3.48 ±  0.67 
2.5 ±  0.56
3.18 ±  0.65 
4.58 ±  0.86
3.64 ±  0.85 
5.14 ±  0.94
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5.2 .4  Clonogenic cell su rv iva l w ith  X -rays and T M Z
T h e  s u rv iv a l  c u rv e s  fo r  th e  fo u r  ce ll lin e s  i r r a d ia te d  w i th  X -ray s a lo n e , a n d  c o n c o m i­
ta n t ly  w i th  25 a n d  50 |tM  T M Z  a re  p r e s e n te d  in  F ig . 5.2.4. T h e  g r a p h s  s h o w  th a t  
th e  M G M T -u n m e th y la te d  L N 18  a n d  T 98G  ce ll lin e s  s h o w e d  n o  s ig n if ic a n t d if fe re n c e  
w h e n  t r e a te d  w i th  r a d ia t io n  a lo n e  a n d  in  c o m b in a t io n  w i th  T M Z  a t  d if fe re n t  d o se s . 
S im ila r  a  a n d  |3 p a r a m e te r s  w e re  a lso  f o u n d  in  L N 18  a n d  T98G  ce lls , w ith ,  in  g e n e ra l,  
m in o r  in c re a se s  in  a  a n d  e q u iv a le n t ^  v a lu e s  (T able 5.2.2). In  a d d i t io n ,  n o  s ig n if ic a n t 
T M Z -in d u c e d  c y to to x ic ity  c o u ld  b e  o b s e rv e d  in  th e s e  tw o  ce ll lin e s  ( e q u iv a le n t  p la t in g  
effic ienc ies).
T h e  M G M T -m e th y la te d  Ü 8 7  a n d  U 373 c e lls ' b e h a v io u r  w a s  d is s im ila r , s h o w in g  e v ­
id e n t  d o s e -d e p e n d e n t  c y to to x ic ity  a f te r  T M Z  tr e a tm e n t  (Fig. 5.2.4). T h e  p la t in g  effi­
c ien c ie s  w e re  r e d u c e d  f ro m  20 to  9%  (25 p M ) a n d  4%  (50 pM ) fo r  U 87  ce lls , a n d  f ro m  
41 to  18%  (25 p M ) a n d  10%  (50 pM ) fo r  U 373 cells . W h e n  c o m b in e d , T M Z  a n d  X -rays 
y ie ld e d  in d e p e n d e n t  a n d  a d d i t iv e  ce ll k ill in g . T h is  w a s  a p p a r e n t  w h e n  ce ll s u rv iv a l  
c u rv e s  w e re  n o rm a l iz e d  fo r  th e  p la t in g  e ffic ien cy  in d u c e d  b y  T M Z  a lo n e , s h o w in g  n o  
sp ec ific  in te ra c t io n s  b e tw e e n  r a d ia t io n  a n d  T M Z . M o reo v e r, n o  s ig n if ic a n t d if fe re n c e  
w a s  f o u n d  in  th e  a  a n d  |3 p a r a m e te r s  w h e n  ce lls  re c e iv e d  X -ray s p lu s  25 a n d  50 p M  
T M Z  c o m p a re d  to  X -ray s a lo n e , w i th  th e  e x c e p t io n  o f U 373 ce lls  e x p o s e d  to  X -ray s 
p lu s  50 p M  T M Z  th a t  r e p o r te d  a  s l ig h t  r e d u c t io n  o f  a  a n d  n o  c h a n g e  in  |3 (T able 5 .2 .3).
T h e  re la tiv e  s u rv iv a l  c u rv e s  fo r  U 373 ce lls  s e e m  to  s lig h tly  c o n v e rg e  a t  r a d ia t io n  d o s e s  
b e tw e e n  3 a n d  6 Gy.
T ab le  5.2.2.: M e a n  v a lu e s  a n d  s ta n d a r d  d e v ia tio n s  o f  th e  a  a n d  (3 p a r a m e te r s  o f  M G M T - 
u n m e th y la te d  L N 1 8  a n d  T 98G  ce lls  e s t im a te d  b y  f it t in g  th e  ce ll s u r v iv a l  
to  th e  L Q  m o d e l.
LN18 T98G
Treatment a  (G y  ^) |3 (G y -2 ) a  (G y |3 ( G y -2 )
X-rays 0.22 ±  0.09 0.04 ±  0.02 0.11 ±  0.04 0.03 ±0.01
X-rays + 25 |j.M TMZ 0.24 ±  0.02 0.04 ±  0.01 0.18 ±  0.06 0.03 ±  0.01
X-rays + 50 pM TMZ 0.26 ±  0.06 0.03 ±  0.01 0.21 ±  0.03 0.02 ±  0.01
3 MeV H + 0.31 ±  0.04 0.04 ±  0.01 - -
3 MeV + 25 pM TMZ 0.41 ±  0.03 0.02 ±  0.01 - -
6 MeV He^"^ 0.77 ±  0.03 2e-05 ±  0.01 - -
6 MeV H e^+ + 25 pM TMZ 0.84 ±  0.02 2e-05 ±  0.01 - -
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T able  5.2.3.: M e a n  v a lu e s  a n d  s ta n d a r d  d e v ia tio n s  o f  th e  a  a n d  |3 p a r a m e te r s  o f  M G M T - 
m e th y la te d  U 87  a n d  U 373 ce lls  e s t im a te d  b y  f it t in g  th e  ce ll s u r v iv a l  to  th e  
L Q  m o d e l.
U87 U3 7 3
Treatment a  (G y-1  ) |3 (G y-^ ) a  (G y'^  ) (3 (G y-^ )
X-rays 0.16 ±  0.05 0.05 ±  0.01
X-rays + 25 |iM  TMZ 0.16 ±  0.05 0.05 ±  0.01
X-rays + 50 piM TMZ 0.19 ±  0.11 0.05 ±  0.02
3 MeV H +  0.36 ±  0.04 0.02 ±  0.01
3 MeV H + + 25 i^M TMZ 0.39 ±  0.05 0.01 ±  0.01
6 MeV He^"^ 0.65 ±  0.08 0.02 ±  0.02
6 MeV H e^+ + 25 |o.M TMZ 0.71 ±  0.07 26-05 ^  o 01
0.17 ±  0.05 0.04 ± 0.01
0.18 ±  0.06 Q.04 ±  0.01
0.12 ±  0.04 0.04 ±  0.01
LN18 T98G
10
D)
X-rays 
-'^“X-rays+25 pWl TMZ 
-G- X-rays+50 pM TMZ
10"
61 2 3 4 50
Dose [Gy]
U87
" i
O)
—• —X-rays
-'^-X-rays+25 pM TMZ 
X-rays+50 pM TMZ
X
62 4 50 1 3
Dose [Gy]
10
—• —X-rays
-■^-X-rays+25 pM TMZ 
— Q-'-X-rays+SO pM TMZ
0 61 2 3 4 5
Dose [Gy] 
U373
10
10
—•—X-rays
—^ -X-rays+25 pM TMZ 
X-rays+50 pM TMZ
60 1 2 3 54
Dose [Gy]
F ig u re  5.2.4.: C e ll s u rv iv a l  c u rv e s  o f M G M T -u n m e th y la te d  L N 18  (a) a n d  T 98G  ce lls  (b), 
a n d  M G M T -m e th y la te d  U 87  (c) a n d  U 373 ce lls  (d ). C e lls  re c e iv e d  X -ray s  
o n ly  (so lid  lin e ). X -rays p lu s  25 p M  T M Z  (d a s h e d  lin e ) a n d  X -ray s p lu s  
50 p M  T M Z  ( d a s h -d o t line). S y m b o ls  r e p r e s e n t  m e a n  ±  s ta n d a r d  e r r o r  
o f  a t  le a s t  th re e  in d e p e n d e n t  e x p e r im e n ts .
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5.2.5 Clonogenic cell su rv iva l w ith  low -energy protons, alpha particles, and T M Z
T h e  e x p e r im e n ts  sh o w n  in  F ig . 5 .2 .4  w e re  a lso  p e r f o rm e d  w i th  L N 18  a n d  U 8 7  ce ll 
l in e s  u s in g  lo w  e n e rg y  p r o to n s  a n d  a lp h a  p a r t ic le s  w i th  o r  w i th o u t  25 p M  T M Z  (Fig.
5.2.5). N o  s ig n if ic a n t d if fe re n c e  b e tw e e n  th e  p r o to n  s u rv iv a l  c u rv e s  a n d  th e  X -ray  
c u rv e s  c o u ld  b e  o b se rv e d  in  b o th  ce ll lin e s , w i th  R B E io  v a lu e s  o f  1.17 ±  0.49 a n d  1.06 
±  0.35 fo r  L N 18  a n d  U 87  ce lls  i r r a d ia te d  w i th  3 M eV  p ro to n s ,  r e sp e c tiv e ly  (T able 5.2.4).
T h e  RBE w a s  a lso  m a th e m a tic a l ly  e s t im a te d  f ro m  th e  oc r a t io  (R B E a) a n d  a t  3 G yE  
d o s e  lev e l (RBE3 g v e )  a s  d e s c r ib e d  in  S u b se c tio n  4.6.2. T h e se  v a lu e s  w e re  h ig h e r  th a n  
th e  c l in ic a lly  re le v a n t R B E io , r a n g in g  f ro m  1.41 to  2.24 fo r  RBEct a n d  1.35 to  1.37 fo r  
RBE3 GyE- T h e  a d d i t io n  o f c o n c u r re n t  T M Z  c a u s e d  a d d i t iv e  ce ll k ill in g , a s  r e p o r te d  
e a r l ie r  fo r  X -rays. F o r  M G M T -u n m e th y la te d  L N 18  ce lls  T M Z  d id  n o t  s e e m  to  a ffec t ce ll 
su rv iv a l .  In  c o n tra s t,  fo r  M G M T -m e th y la te d  U 8 7  ce lls  T M Z  s ig n if ic a n tly  r e d u c e d  th e  
p la t in g  effic ien cy  w i th o u t  c h a n g in g  th e  s u rv iv a l  c u rv e  s lo p e  (ex. v a lu e  o f  0.36 v s . 0.39).
C e lls  w e re  m o re  se n s itiv e  to  6 M eV  a lp h a  p a r t ic le s  c o m p a re d  to  X -ray s a n d  3 M eV  
p ro to n s .  F igs. 5 .2 .5b a n d  5-2 .5d s h o w  a  r e d u c t io n  o f th e  's h o u ld e r  e ffec t' a f te r  a lp h a  
p a r tic le  i r ra d ia t io n  in  b o th  ce ll lin es . A s  r e p o r te d  in  T ab le  5 .2 .4 , th e  R B E io  fo r  L N 18  
a n d  U 8 7  ce lls  w e re  1.84 ±  0 .67  a n d  1.68 ±  0 .28, re sp e c tiv e ly . L ik e  p r o to n s ,  th e  R B E ^ 
a n d  RBE3 GyE s ig n if ic a n tly  in c re a s e d  to  v a lu e s  in  th e  r a n g e  o f  3 .38 to  4 .03. A g a in , 
th e  a d d i t io n  o f  T M Z  h a d  n o  a p p a r e n t  e ffec t o n  th e  M G M T -u n m e th y la te d  L N 18  ce lls  
a n d  o n ly  a d d it iv e  c y to to x ic ity  o n  th e  M G M T -m e th y la te d  U 8 7  ce lls  (Fig. 5.2.6). A s  fo r  
th e  s u rv iv a l  p a ra m e te r s ,  th e  a d d i t io n  o f  25 p M  T M Z  m a rg in a lly  a l te r e d  o n ly  th e  oc 
c o m p o n e n t (Table 5.2.3).
T ab le 5.2.4.: R e su ltin g  RBE v a lu e s  c a lc u la te d  a t  10%  s u rv iv a l  (R B E io), a t  th e  in i t ia l  
s lo p e  o f  th e  s u rv iv a l  c u rv e  oc (R B E a =  (Xtest /o c re f), a n d  a t  th e  s u r v iv a l  
lev e l a f te r  3 G y E  (RBE3 GyE)-
L N iS U87
Treatment RBEio RBEcc RBE3 GyE RBEio RBEcc RBE3 GyE
3 MeV H +
6 MeV He^"^
1.17 ±  0.49 
1.84 ±  0.67
1.41 ±  0.35 
3.5 ±  0.83
1.35 ±  0.26 
3-79 ±  0-73
1.06 ±  0.35 
1.68 ±  0.28
2.24 ±  0.46 
4.03 ±  0.85
1.37 ±  0.18
3.38 ±  0.71
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LN18 LN18
—X-rays
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—3 MeV protons 
- 3  MeV protons+25 pM TMZ
2 3 4
Dose [Gy]
U87
X-rays 
- ^ “X-rays+25 pM TMZ 
3 MeV protons 
- ^ - 3  MeV protons+25 pM TMZ
1 2 3 4 5
Dose [Gy]
10
10'
10'
10
10'
10'
b :
—♦—X-rays
- ♦ “X-rays+25 pM TMZ
— 6  MeV alphas
- A - - 0  MeV alphas+25 pM TMZ
0 1 2  3 4 5 6
Dose [Gy]
U87
d :
_
-,-X .rays
- ♦ “X-rays+25 pM TMZ
■—e— 6  MeV alphas
- ♦ “ 6  MeV alphas+25 pM TMZ
2 3 4
Dose [Gy]
F ig u re  5.2.5.: C e ll s u rv iv a l  c u rv e s  o f  M G M T -u n m e th y la te d  L N 18  ce lls  (a , b )  a n d  
M G M T -m e th y la te d  U 8 7  ce lls  (c, d ) i r r a d ia te d  w i th  3 M eV  p r o to n s  (a, c) 
a n d  6 M eV  a lp h a  p a r t ic le s  (b, d ). C e lls  a lso  re c e iv e d  c o n c o m ita n t  T M Z  
(d a s h e d  lin es). S u rv iv a l c u rv e s  w i th  300 k V p  X -ray s w e re  u s e d  a s  c o m ­
p a r is o n  (filled  m a rk e rs ) .  E rro r  b a r s  in d ic a te  th e  s ta n d a r d  e r ro r  o f  a t  le a s t  
th re e  in d e p e n d e n t  e x p e r im e n ts .
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U87 U87
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F ig u re  5.2.6.: C e ll s u rv iv a l  c u rv e s  o f  M G M T -m e th y la te d  U 8 7  ce lls  i r r a d ia te d  w i th  3 
M eV  p r o to n s  (a) a n d  6 M eV  a lp h a  p a r t ic le s  (b) n o r m a l iz e d  fo r  th e  c y to ­
to x ic ity  in d u c e d  b y  T M Z  a lo n e  (d a s h e d  lin es). S u rv iv a l c u rv e s  w i th  300 
k V p  X -rays w e re  u s e d  a s  c o m p a r is o n  (filled  m a rk e rs ) . E rro r  b a r s  in d ic a te  
th e  s ta n d a r d  e r ro r  o f a t  le a s t  th r e e  in d e p e n d e n t  e x p e r im e n ts .
5.2.6 Isobologram and com bination index analyses o fX -r a y -T M Z  interaction
To fu r th e r  c h a ra c te r iz e  th e  n a tu r e  o f  th e  in te ra c t io n  b e tw e e n  T M Z  a n d  X -ray s , th e  
is o b o lo g ra m  a n d  c o m b in a t io n  in d e x  (C l) m e th o d s  w e re  a p p lie d .  T h e  is o b o lo g ra m s  fo r  
a ll f o u r  ce ll lin e s  a re  s h o w n  in  F ig . 5.2.7. T h e  iso e ffe c t lin e s  o f th e  M G M T -u n m e th y la te d  
L N 18  a n d  T 98G  ce ll lin e s  a re  p a ra lle l  to  th e  T M Z  ax is , in d ic a t in g  re s is ta n c e  to  T M Z . In  
L N 18  a n d  T 98G  ce lls , th e  in te ra c t io n  b e tw e e n  T M Z  a n d  X -ray s w a s  v e ry  s im ila r  a n d  
te n d e d  to w a rd s  a d d itiv ity . T h is  w a s  a lso  c o n f irm e d  b y  a  C l v a lu e  a t 10%  s u r v iv a l  c lo se  
to  u n i ty  (see  T able 5.2.5).
T h e  iso e ffe c t lin e s  in  U 8 7  ce lls  la rg e ly  in d ic a te d  a d d itiv ity , th e re  b e in g  a  s l ig h t  a n ­
ta g o n is tic  r e s p o n s e  ab o v e  4  Gy. T h e  C Is a lso  s u g g e s te d  a  m o d e ra te  a n ta g o n is m  w i th  
v a lu e s  o f 1.33 a n d  1.45 fo r  th e  c o m b in a t io n s  o f  25 a n d  50  p M  T M Z , re sp e c tiv e ly . I n te r ­
e s tin g ly , a t  lo w  r a d ia t io n  d o se s  (0.5-2 G y) a n d  a t  T M Z  d o s e s  b e tw e e n  25 a n d  50  p M  
th e  is o b o lo g ra m  o f U 373 ce lls  s h o w e d  a  d is c o n t in u o u s  d o s e  r e s p o n s e  c h a ra c te r iz e d  b y  
c lo se ly  s p a c e d  c o n to u r  lin e s  a n d  a  c lo se d  c o n to u r  l in e  a t  10%  su rv iv a l .  T h e  C Is  o f  U 373  
ce lls  w e re  f o u n d  to  b e  n e a r ly  a d d i t iv e  w ith  v a lu e s  in  th e  r a n g e  o f 0.91-0.94.
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T able 5.2.5.: C l v a lu e s  a t 10% s u rv iv a l  lev e l fo r  th e  c o m b in a tio n s  o f  25 a n d  50 |tM  
T M Z  w ith  X -rays. C l in  th e  r a n g e  o f 0.9-1.1 in d ic a te  a d d itiv ity , 1.10- 
1.20 s l ig h t  a n ta g o n is m , a n d  1.20-1.45 m o d e ra te  a n ta g o n is m , a s  r e p o r te d  
in  C h o u  (2006).
C l a t 25 [iM  T M Z C l a t  50  p M  T M Z
L N 18 1.00 1.03
T98G 1.05 0.99
U 87 1.43 1.45
U 373 0.94 0.91
LN18 T98G
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F ig u re  5.2.7.: I so b o lo g ra m s  o f c o m b in e d  T M Z  a n d  X -rays a t  d if fe re n t s u rv iv a l  f ra c tio n  
lev e ls  (0.1-0.9) in  L N 18  (a), T98G  (b), U 87  (c) a n d  U 373 (d) cells . A  le f t­
w a rd  sh if t  o r  a r ig h tw a r d  sh if t  o f th e  iso e ffec t lin e s  in d ic a te s  s y n e rg y  o r  
a n ta g o n is m , resp ec tiv e ly .
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5 .3  PA R P IN H IB IT O R  A B T -8 8 8  IN  C O M B IN A T IO N  W IT H  TM Z A N D  X-R AYS
5.3.1 Cell se n s itiv ity  to A B T -888
T h e cy to to x ic  effec ts  o f ABT-888 a s  a  s in g le  a g e n t w e re  d e te r m in e d  in  a  p a n e l  o f fo u r  
h u m a n  g lio m a  cell lin e s  (Fig. 5.3.1). T h e  EC50 v a lu e s  w e re  25.3, 22.89, 7-54 a n d  20.3 p M  
fo r  L N 18 , T98G , U 87  a n d  U 251, resp ec tiv e ly . T h e re  se e m s  to  b e  n o  c o r re la tio n  b e tw e e n  
M G M T  m é th y la t io n  s ta tu s  a n d  A BT-888 sen sitiv ity . H o w ev er, M G M T -m e th y la te d  U 87  
ce lls  w e re  s ig n if ic a n tly  m o re  s e n s itiv e  to  p r o lo n g e d  e x p o s u re  o f A BT-888 th a n  th e  o th e r  
ce ll lin es .
A f te rw a rd s ,  a  d e c is io n  w a s  m a d e  to  u s e  a  c o n c e n tra tio n  o f 5 p M  ABT-888 in  th e  
s u b s e q u e n t  e x p e r im e n ts . T h is  c o n c e n tra t io n  o f A BT-888 fo r  a n  e x p o s u re  tim e  o f  5 h  
d id  n o t  y ie ld  c o n s id e ra b le  c e llu la r  c y to to x ix ity  a s  s h o w n  b y  in v a r ia n t  p la t in g  effic ien cy  
v a lu e s  in  a ll ce ll lin e s  (Fig. 5.3.2).
LN18 T98G
t  0.4
0.2
Dose of ABT-888 [p.M]
T
s..
U87
10 1 0 ' 10“ 
Dose of ABT-888 [pM] 
U251
0.8
0.6
£ 0.4
0.2
Dose of ABT-888 [)iM]
10 1 0 ' 10“ 
Dose of ABT-888 [pM]
F ig u re  5.3.1.: C y to to x ic  effec ts  o f c o n t in u o u s  e x p o s u re  to  in c re a s in g  d o se s  o f  ABT-
(0.002-10 pM ) o n  fo u r  h u m a n  g lio m a  cell lin es . E rro r  b a r s  in d ic a te  th e  
s ta n d a r d  e r ro r  o f a t  le a s t th re e  in d e p e n d e n t  e x p e r im e n ts .
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i5 | jM ABT-888
LN18 T98G U87 U251
F ig u re  5.3.2.: P la t in g  effic ien cy  (PE) fo r  ce lls  in c u b a te d  fo r  5 h  w ith  o r  w i th o u t  5 p M  
ABT-888. N o  s ig n if ic a n t d if fe re n c e  in  s u rv iv a l  re la tiv e  to  u n tr e a te d  ce lls  
w a s  o b se rv e d  {p > 0.8 e x c e p t fo r  U 251).
5.3.2 Evaluation o fp A D P r  syn thesis in  the presence o f A B T -888
U p o n  D N A  d a m a g e , PA R P  c a ta ly z e s  th e  f o rm a tio n  o f th e  p o ly m e r  p A D P r, th e re fo re  
PA R P  a c tiv ity  w a s  a s se s s e d  b y  m e a s u r in g  th e  level o f p A D P r. U n d e r  n o rm a l  c o n d i­
tio n s , a ll ce lls  d is p la y e d  lo w  b a s a l  levels o f p A D P r. T re a tm e n t w ith  20 m M  H 2O 2 
in d u c e d  PA R P  a c tiv a tio n  a s  d e m o n s tr a te d  b y  a  r a p id  in c re a se  o f p A D P r  sy n th e s is .  In  
c o n tra s t,  ce lls  t r e a te d  w ith  5 p M  ABT-888 fo r  2 h  b e fo re  e x p o s u re  to  H 2 O 2  s h o w e d  
n o  s ig n if ic a n t d if fe re n c e  in  p A D P r  as  c o m p a re d  to  b a s a l  lev e ls  (Figs. 5.3.3 a n d  5.3.4). 
T h e se  d a ta  v a l id a te d  th a t  th e  d o s e  o f A BT-888 c h o s e n  w a s  s u ita b le  to  in h ib i t  P A R P  
ac tiv ity .
H202 
K+H202 
+H202+ABT-
ir 0)
LN18 T98G U87 U251
F ig u re  5.3.3.: F lu o re sc e n c e  in te n s ity  q u a n tif ic a tio n  o f th e  p A D P r  s ig n a l in  F ig . 5 .3 .4  
e s t im a te d  u s in g  Im a g e )  (v i.4 4 p . N a tio n a l  In s ti tu te s  o f H e a lth , B e th e sd a , 
US).
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LN18 T98G
-H2O2 +H2O2 +aBt5s8 '"2O2 +H2O2 + a B tJ88
U87 U251
F ig u re  5.3.4.: Im m u n o f lu o re sc e n c e  d e te c tio n  o f p A D P r  in  g lio m a  ce lls  e x p o s e d  to  20 
m M  H 2O 2 w ith  o r  w ith o u t  5 p M  ABT-888; sc a le  b a r  = 10 p m .
5.3.3 Clonogenic su rv iva l after treatm ent w ith  X -rays, T M Z  and A B T -888
C ell su rv iv a l  w a s  in v e s tig a te d  a f te r  c o m b in e d  tr e a tm e n t  w i th  A BT-888, T M Z  a n d  X- 
ray s. F ig u re  5.3.5 s u m m a r iz e s  th e  re s u lts  o b ta in e d  in  th e  fo u r  g lio m a  cell lin e s . T h e  
re s p o n s e  o f th e se  ce lls  to  X -rays h a s  b e e n  e x te n s iv e ly  d e s c r ib e d  in  S ec tio n  5.2, e x c lu d ­
in g  th e  U 251 ce ll line .
N o  s ig n if ic a n t in te ra c t io n  b e tw e e n  X -rays a n d  T M Z  fo r  th e  d o se s  c h o s e n  (5 a n d  
10 p M  fo r  th e  M G M T -m e th y la te d  a n d  -u n m e th y la te d  ce ll lin e s , re sp e c tiv e ly )  c o u ld  b e  
o b se rv e d  in  a ll fo u r  cell lin e s . T h e  SER v a lu e s  a t  50%  (SER50) a n d  37%  (SER37) s u rv iv a l  
w e re  n e a r  u n i ty  (Tables 5.3.1 a n d  5.3.2).
T h e  c o m b in a t io n  o f X -rays a n d  A BT-888 le d  to  a  s u b s ta n t ia l  r a d io s e n s i t iz in g  e ffec t 
w ith  SER50 ra n g in g  b e tw e e n  1.12 to  1.37, a n d  SER37 b e tw e e n  1.10 to  1.31. T h is  w a s  
a lso  re f le c te d  b y  a  g e n e ra l  in c re a se  in  th e  a  p a r a m e te r  o f th e  L Q  m o d e l (T ab les 5.3.1 
a n d  5.3.2). T h e  h ig h e s t  ra d io s e n s it iz a tio n  w a s  fo u n d  in  L N 18  a n d  U 251 ce ll l in e s , a s  
d e m o n s tr a te d  b y  SER50 v a lu e s  ab o v e  1.3. T98G  a n d  U 87  cell lin e s  d is p la y e d  o n ly  a 
m o d e s t  e ffec t o f A BT-888 o n  th e  r a d ia tio n  s u rv iv a l  c u rv e  (Fig. 5.3.5). Im p o r ta n tly ,
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th e  r a d io s e n s it iz in g  effec t o f ABT-888 w a s  in d e p e n d e n t  f ro m  th e  M G M T  m é th y la tio n  
s ta tu s  o f th e  cell lin es .
T h e  t r ip le  c o m b in a t io n  o f X -rays, T M Z  a n d  A BT-888 w a s  m o re  e ffec tiv e  th a n  s in g le  
a g e n ts  in  all fo u r  ce ll lin e s  a n d  a p p e a r e d  to  b e  m o re  p r o n o u n c e d  in  th e  tw o  M G M T - 
m e th y la te d  ce ll lin e s . H ig h e r  lev e ls  o f  A B T -8 8 8 -m e d ia ted  s e n s it iz a t io n  to  X -ray s a n d  
T M Z  w e re  o b se rv e d  in  b o th  U 8 7  a n d  U 251 ce ll lin e s  w ith  SER50 o f 1.43 a n d  1.5, r e s p e c ­
tively. F u r th e r  s e n s it iz a t io n  w a s  a lso  o b se rv e d  in  th e  M G M T -u n m e th y la te d  T 98G  cell 
l in e  w ith  SER50 o f 1.28 c o m p a re d  to  1.12 w ith  th e  d u a l  c o m b in a t io n  o f X -rays a n d  ABT- 
888. In  c o n tra s t,  n o  su c h  e n h a n c e m e n t w a s  o b se rv e d  w ith  L N 18  ce lls  a f te r  tr im o d a l 
tr e a tm e n t  (SER50 o f 1.27 c o m p a re d  to  SER50 o f 1.3; T ab le 5.3.1).
LN18 T98G
X-rays 
A--X-rays + 10 pM TMZ 
3- X-rays + 5 >J\/I ABT- 8 8 8  
X-rays + 5 pM ABT- 8 8 8  
+ 104^1 TMZ
X-rays 
A--X-rays + 10 piM TMZ 
-  B- -X-rays + 5 pM ABT- 8 8 8  
X-rays + 5 ^  ABT- 8 8 8  
+ 10)iMTMZ
2 3 4
Dose [Gy]
U87
2 3 4
Dose [Gy]
U251
X-rays 
^  -X-rays + 5 joM TMZ 
B- -X-rays + 5 }iM ABT- 8 8 8  
.  X-rays-1 5 piM ABT- 8 8 8  
+ 5 uM TMZ
X-rays 
“^ -X-rays + 5 )iM TMZ 
-  B- X-rays + 5 jJVI ABT- 8 8 8  
X-rays+5 JiM ABT- 8 8 8  
+ 5 i^M TMZ
Dose [Gy] Dose [Gy]
F ig u re  5.3.5.: C e ll s u rv iv a l  c u rv e s  o f M G M T -u n m e th y la te d  L N 18  (a) a n d  T98G  ce lls  
(b), a n d  M G M T -m e th y la te d  U 87  (c) a n d  U 251 ce lls  (d). C e lls  w e re  t r e a te d  
w ith  5 p M  A BT-888 fo r 5 h  b e fo re  b e in g  e x p o s e d  to  e i th e r  5 (c ,d ) o r  10 
(a, b ) p M  T M Z  fo r 2 h , in c lu d in g  1 h  b e fo re  a n d  1 h  a f te r  i r r a d ia tio n .  
S y m b o ls  r e p re s e n t  m e a n  ±  s ta n d a r d  e r ro r  o f a t  le a s t th re e  in d e p e n d e n t  
e x p e r im e n ts .
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T able 5.3.1.: M e a n  v a lu e s  o f th e  a ,  |3 , SER50 a n d  SER37 o f  M G M T -u n m e th y la te d  L N 1 8  
a n d  T 98G  ce lls  e s t im a te d  b y  f i t t in g  th e  ce ll s u rv iv a l  to  th e  L Q  m o d e l.
Treatment
LNiS T98G
oc (3 SER5 0 SER3 7 oc |3 SER5 0 SER3 7
X-rays 0.06 ±  0.02 0.05 ±  O.OI - - 0.07 ±  0.06 0.04 ±  0.01 - -
X-rays + lo  jxM TMZ 0.13 ±  0.03 0.04 ±  O.OI 1.11 1.07 0.03 ±  0.03 0.05 ±  0.01 0.93 0.95
X-rays + 5 [i.M ABT-888 0.18 ±  0.03 0.04 ±  0.01 1.30 1.24 0.12 ±  0.06 0.04 ±  0.01 1.12 1.10
X-rays + 5 fxM ABT-888 0.15 ±  0.02 0.05 ±  0.01 1.27 1.22 0.17 ±  0.03 0.04 ±  0.01 1.28 1.23
+ 10 |aM TMZ
T able  5.3.2.: M e a n  v a lu e s  o f th e oc, (3, S F R 5 0  a n d  S F R 3 7  o f M G M T -m e th y la te d  U 8 7  a n d
U 251 ce lls  e s t im a te d  b y  f i t t in g  th e  ce ll s u rv iv a l  to  th e  L Q  m o d e l.
U87 U251
Treatment oc |3 SER5 0 SER3 7 oc |3 SER5 0 SER3 7
X-rays 0.15 ±  0.04 0.04 ±  0.01 - - 0.01 ±  0.02 0.06 ±  0.01 - -
X-rays + 5 |o.M TMZ 0.12 ±  0.05 0.05 ±  0.01 0.98 0.99 0.04 ±  0.03 0.06 ±  0.01 1.07 1.06
X-rays + 5 p.M ABT-888 0.21 ±  0.02 0.04 ±  0.01 1.17 1.14 0.12 ±  0.02 0.07 ±  0.01 1-37 1.31
X-rays + 5 (xM ABT-888 0.33 ±  0.02 0.02 ±  0.01 1.43 1.32 0.20 ±  0.01 0.05 ±  0.01 1.50 1.39
+ 5 |xM TMZ
5.3 .4  Induction  o fapoptosis by  X -rays, T M Z  and A B T -888
T im e -c o u rse  m e a s u re m e n ts  o f a p o p to s is  w e re  u n d e r ta k e n  a f te r  e x p o s u re  to  a  r a d ia t io n  
d o s e  o f  3 G y  in  c o m b in a t io n  w i th  T M Z  a n d  A B T-888 (Fig. 5.3.6). T h e  in d u c t io n  o f  
a p o p to s is  in c re a s e d  w i th  t im e  re a c h in g  a  m a x im u m  lev e l a t  72 h  in  th e  r a n g e  o f  11.21 
to  14.28%  a n d  11.77 to  13.24%  fo r  L N 18  a n d  U 8 7  ce lls , re sp ec tiv e ly .
In  M G M T -u n m e th y la te d  L N 18  ce lls  th e re  s e e m e d  to  b e  o n e  e a r ly  a p o p to t ic  p e a k  a t  
5 h  a f te r  t r e a tm e n t  w i th  X -rays, T M Z  a n d  A B T-888, a s  d e m o n s tr a te d  b y  th e  a m o u n t  o f 
a p o p to tic  ce lls  th a t  w a s  s ig n if ic a n tly  g re a te r  (8.27% ) th a n  w i th  X -rays a lo n e  (5.89% ). In  
c o n tra s t ,  th is  p e a k  w a s  n o t  s e e n  in  th e  M G M T -m e th y la te d  U 87  cells . O v e ra ll th e  a p o p ­
to tic  r e s p o n s e s  fo r  U 87  ce lls  w e re  v e ry  s im ila r  fo r  th e  d if fe re n t t r e a tm e n t  c o m b in a t io n s , 
w i th  th e  e x c e p tio n  o f a  s l ig h t  12.35%  in c re a se  in  a p o p to tic  ce lls  a t  72 h  a f te r  t r e a tm e n t  
w i th  X -rays, T M Z  a n d  A BT-888 c o m p a re d  to  X -ray s on ly .
In  a d d i t io n ,  d o s e - re s p o n s e  m e a s u re m e n ts  w e re  p e r fo rm e d  a t  24 a n d  48 h  a f te r  i r r a d i ­
a t io n  w i th  2 ,3  a n d  4 G y  (Fig. 5.3.8). B o th  L N 18  a n d  U 8 7  ce lls  s h o w e d  a  d o s e -d e p e n d e n t  
in c re a se  in  r a d ia t io n - in d u c e d  a p o p to tic  cells . A t  48  h , th e  t r im o d a l t r e a tm e n t  s e e m e d  
to  b e  m o re  e ffec tiv e  th a n  s in g le  m o d a litie s .  In  p a r t ic u la r ,  in  L N 18  th e re  w a s  a  s ig n if ­
ic a n t  d if fe re n c e  in  a p o p to s is  a f te r  tr e a tm e n t  w i th  4  Gy, T M Z  a n d  A BT-888, 16.79%  
c o m p a re d  w i th  13.85%  fo r  r a d ia t io n  a lo n e .
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T h e  se n s it iz in g  effec t o f ABT-888 to  T M Z  a n d  X -rays m a y  in v o lv e  o th e r  ce ll d e a th  
p a th w a y s  d is t in c t  f ro m  a p o p to s is  (Fig. 5.3.7). T h e re fo re , th e  n u m b e r  o f ce lls  in  m ito tic  
c a ta s tro p h e  a n d  n e c ro s is  w e re  e v a lu a te d  a t  72 h  a f te r  t r e a tm e n t  w ith  3 G y  X -rays, T M Z  
a n d  A BT-888. A  m in im a l a m o u n t  o f ce lls  (< 3% ) u n d e r g o in g  m ito tic  c a ta s tro p h e  a n d  
n e c ro s is  w a s  s e e n  in  b o th  L N 18  a n d  U 87  ce lls  fo r a ll t r e a tm e n t  c o m b in a t io n s  (d a ta  n o t  
sh o w n ).
LN18 U87
ta
<
3 Gy X-rays 
-A  -  3 Gy X-rays + 10 pM TMZ 
-  B- - 3  Gy X-rays +5 pM ABT-888 
3 Gy X-rays + 5 >iM ABT-888 
+ 10 4M TMZ
1 5 10 24 48 
Time [h]
72
3 Gy X-rays 
-A-- 3  Qy X-rays + 5 4 M TMZ 
-  B- -3 Gy X-rays + 5 4 M ABT- 8 8 8  
3 Gy X-rays+ 5 4 M ABT- 8 8 8  
+ 5 4M TMZ
1 5 10 46 
Time [h]
72
F ig u re  5.3.6.: P e rc e n ta g e s  o f a p o p to tic  ce lls  in  M G M T -u n m e th y la te d  L N 18  (a) a n d  
M G M T -m e th y la te d  U 8 7  ce lls  (b) u p  to  72 h  a f te r  ir ra d ia t io n . C e lls  w e re  
e x p o s e d  fo r  5 h  to  5 p M  A BT-888 b e fo re  b e in g  tr e a te d  w i th  5 (b) o r  10 
(a) p M  T M Z  fo r 2 h  a n d  i r r a d ia te d  w ith  3 G y  X -rays. F r ro r  b a r s  in d ic a te  
th e  s ta n d a r d  e r ro r  o f tw o  in d e p e n d e n t  e x p e r im e n ts . P le a se  n o te  th e  sca le  
c h a n g e  o n  th e  Y -axis o f th e  g ra p h s .
F ig u re  5.3 .7 .: M o rp h o lo g ic a l c la ss ifica tio n  o f ce lls  a f te r  d u a l  f lu o re sc e n t s ta in in g  w i th  
a c r id in e  o ra n g e  (A O ) a n d  H o e c h s t  33342 (H O ). R e p re s e n ta tiv e  p h o ­
to g ra p h s  o f a p o p to s is  (a), m ito tic  c a ta s tro p h e  (b) a n d  n e c ro s is  (c).
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— B - - X-rays + 5 p.M ABT-888 
.  X-rays + 5 ^M ABT-888 
+ 10[iM TM Z
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LN18 - after 48 h
—• — X-rays
-  X-rays + 10 p.M TMZ 
-  & -X-rays + 5 p.M ABT-888 
X-rays + 5 jiM ABT-888 
+ 10[j.MTMZ
16
14
12
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Dose [Gy] 
U87 - after 48 h
- • — X-rays
-  X-rays + 5 p.M TMZ 
B- - X-rays + 5 p.M ABT-888 
. X-rays+ 5 p.M ABT-888 
+ 5 |iM TMZ
Dose [Gy]
F ig u re  5.3.8.: D o se -re sp o n se  p e rc e n ta g e s  o f a p o p to tic  ce lls  in  M G M T -u n m e th y la te d  
L N 18  (a, b ) a n d  M G M T -m e th y la te d  U 87  ce lls  (c, d ). C e lls  w e re  e x p o s e d  
to  2, 3 a n d  4 G y  X -rays a n d  f ix ed  a t 24 a n d  48 h  a f te r  i r ra d ia t io n .  E rro r  
b a r s  in d ic a te  th e  s ta n d a r d  e r ro r  o f  tw o  in d e p e n d e n t  e x p e r im e n ts .  P le a se  
n o te  th e  sc a le  c h a n g e  o n  th e  Y -axis o f th e  g ra p h s .
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T h e  r e s u lts  p re s e n te d  in  th is  c h a p te r  sh o w e d  th a t  th e  c o m b in a t io n  o f T M Z  w ith  d if fe r ­
e n t  ra d ia t io n  ty p e s  c a u se s  a d d i t iv e  r a th e r  th a n  sy n e rg is tic  cy to to x ic ity . C e ll s u rv iv a l ,  
D N A  d a m a g e  a n d  re p a ir , a n d  cell g ro w th  w e re  e x a m in e d  in  fo u r  h u m a n  g lio m a  ce ll 
lin e s  (LN 18, T98G , U 87  a n d  U 373) a f te r  tr e a tm e n t  w ith  e i th e r  X -rays, p ro to n s  (LET 
12.91 k e V /p m ) ,  o r  a lp h a  p a r tic le s  (LET 99.26 k e V /p m )  c o n c u r re n tly  w i th  T M Z  a t  c l in ­
ica lly  re le v a n t d o se s  o f 25 a n d  50 pM . T h e  R B Eio in c re a se d  a s  LET in c re a se d : 1.17 
a n d  1.06 fo r  p ro to n s ,  a n d  1.84 a n d  1.68 fo r a lp h a  p a r tic le s  in  th e  L N 18  a n d  U 87  ce ll 
lin e s , resp e c tiv e ly . T M Z  a d m in is t ra t io n  in c re a se d  cell k ill in g  in  th e  M G M T -m e th y la te d
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U 87  a n d  U 373 ce ll lin e s . In  c o n tra s t ,  T M Z  p r o v id e d  n o  th e ra p e u t ic  e n h a n c e m e n t  in  
th e  M G M T -u n m e th y la te d  L N 18  a n d  T 98G  ce ll lin e s . T h e  r e s id u a l  n u m b e r  o f  y -H z A X  
foci a t  24 h  a f te r  tr e a tm e n t  w i th  r a d ia t io n  a n d  c o n c o m ita n t  T M Z  w a s  f o u n d  to  b e  
lo w e r  th a n  o r  e q u a l to  th a t  e x p e c te d  b y  D N A  d a m a g e  w i th  e i th e r  o f  th e  in d iv id u a l  
tr e a tm e n ts .
T h e  ro le  o f  th e  P A R P  in h ib i to r  A BT-888 in  c o m b in a t io n  w i th  T M Z  a n d  X -ray s w a s  
a lso  e x p lo re d  in  th is  c h a p te r . I t  w a s  f irs t  s h o w n  th a t  A BT-888 is  a b le  to  e ffec tiv e ly  
in h ib i t  P A R P  u s in g  a  n o n -c y to to x ic  c o n c e n tra t io n  o f  5 p M  ABT-888. A B T-888 a lso  
in c re a s e d  th e  r a d io s e n s it iv i ty  o f fo u r  h u m a n  g lio m a  ce ll lin e s  (L N 18, T 98G , U 8 7  a n d  
U 251), a s  d e m o n s tr a te d  b y  SER50 r a n g in g  b e tw e e n  1.12 to  1.37. S e n s it iz a tio n  w a s  
f u r th e r  e n h a n c e d  w h e n  A BT-888 w a s  c o m b in e d  w i th  b o th  X -rays a n d  T M Z  in  th e  
M G M T -m e th y la te d  ce ll lin e s  w i th  SER50 o f  1.43 a n d  1.5 fo r  U 8 7  a n d  U 251 , re sp e c tiv e ly .
T h is  e ffec t w a s  a lso  m e a s u r e d  in  o n e  o f th e  M G M T -u n m e th y la te d  ce ll lin e s , T 98G , 
w i th  a  SER50 v a lu e  o f  1.27. A p o p to s is  in d u c t io n  b y  A B T-888, T M Z  a n d  X -ray s w a s  
a lso  c o n s id e re d  a n d  th e  e ffec t o f A BT-888 o n  th e  n u m b e r  o f a p o p to tic  ce lls  w a s  o n ly  
m o d e s t.
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6.1 IN T R O D U C T IO N
T h e  s u rv iv a l  a d v a n ta g e  o f  r a d io th e r a p y  c o m b in e d  w i th  T M Z  c o m p a re d  to  r a d io th e r ­
a p y  a lo n e  in  n e w ly  d ia g n o s e d  G B M  h a s  le d  to  a  s ig n if ic a n t c h a n g e  in  th e  t r e a tm e n t  o f  
th is  tu m o u r  to w a rd s  a  c o m b in e d  m o d a li ty  a p p ro a c h . T h is  c h a p te r  d is c u s se s  th e  r e s u l t s  
p re v io u s ly  p r e s e n te d  in  C h a p te r  5, w h ic h  co v e r  tw o  m a in  to p ic s : (1) th e  c o m b in a t io n  
o f  lo w - a n d  h ig h -L E T  r a d ia t io n  w ith  T M Z ; a n d ,  (2) th e  th e ra p e u t ic  p o te n t ia l  o f  th e  
P A R P  in h ib i to r  A BT-888.
A s  a  re s u lt ,  th e  p r e s e n t  c h a p te r  is  d iv id e d  in  tw o  m a in  p a r ts .  Im p o rta n tly , in  th e  
f irs t p a r t  o f th is  c h a p te r , th e  in  vitro  r e su lts ,  w h ic h  s u g g e s t  a n  a d d i t iv e  e ffec t o f  T M Z
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o v e r r a d io th e ra p y , a re  a lso  c o m p a re d  w i th  th e  in  v ivo  p o p u la t io n  m o d e l  p r e d ic t io n  
p r e s e n te d  in  C h a p te r  3, w h ic h  in s te a d  is  in  fa v o u r  o f  T M Z -m e d ia te d  ra d io s e n s it iz a tio n .
6.2 D IS C U S S IO N  OF RE SU L T S R E L E V A N T  TO S E C T IO N  5 .2
A  n u m b e r  o f p re c lin ic a l s tu d ie s  h a v e  r e p o r te d  co n flic tin g  r e s u lts  o n  w h e th e r  T M Z  in ­
c re a se s  th e  s e n s it iv i ty  o f  tu m o u r  ce lls  to  X -rays. O n ly  o n e  s tu d y  h a s  lo o k e d  a t  th e  
c o m b in a t io n  o f  h ig h -L E T  ra d ia t io n  (c a rb o n  io n s)  a n d  T M Z , r e p o r t in g  in d e p e n d e n t  cy ­
to to x ic ity  (C o m b s  e t  a l., 2009).
T h e  f in d in g s  o f  th e  p r e s e n t  s tu d y  c o r ro b o ra te  th e  h y p o th e s is  th a t  th e  cy to to x ic  effec ts  
o f  T M Z  a n d  X -ray s a re  n o t  lik e ly  to  b e  c o rre la te d . I n d e p e n d e n t  c y to to x ic ity  h a s  a lso  
b e e n  s h o w n  w h e n  T M Z  w a s  a d d e d  to  p r o to n s  a n d  a lp h a  p a r tic le s .  T h e se  o b s e rv a tio n s  
w e re  in d e p e n d e n t  o f th e  tu m o u r  M G M T  m é th y la t io n  s ta tu s .
6.2.1 A d m in istra tio n  o f  T M Z  reduces grow th  rate in  M G M T -m ethy la ted  cells
T h e  p r e s e n t  s tu d y  e m p lo y e d  a  p a n e l  o f  five  G B M  cell lin e s  w i th  a  h e te ro g e n e o u s  
M G M T  p ro m o te r  m é th y la t io n  s ta tu s . T h e  s e n s itiv i ty  to  T M Z  c o r re la te d  w e ll w i th  
p re v io u s  in  vitro  s tu d ie s  (H e rm is s o n  e t  al., 2006). T h e  M G M T -u n m e th y la te d  L N 1 8  a n d  
T98G  ce lls  w e re  th e  m o s t  re s is ta n t  to  T M Z  (EC50 > 200 p M ), w h e re a s  th e  EC50 d id  n o t  
s ig n if ic a n tly  v a ry  a m o n g  th e  M G M T -m e th y la te d  ce lls  lin e s  (U 87, U 373 a n d  U 251) w i th  
v a lu e s  lo w e r  th a n  50 pM .
T M Z  in d e p e n d e n t  c y to to x ic ity  w a s  a lso  o b s e rv e d  in  th e  g ro w th  c u rv e  e x p e r im e n ts  
w h e r e  a f te r  2 d a y s  a  s ig n if ic a n t d e c re a s e  in  g ro w th  r a te  w a s  m e a s u r e d  in  th e  M G M T - 
m e th y la te d  ce ll lin e s . T h is  o b s e rv a tio n  a g re e s  w i th  th e  in it ia l  f in d in g s  o f  N e w la n d s  
e t  a l. (1997) th a t  T M Z  c y to to x ic ity  n e e d s  o n e  o r  tw o  ce ll d iv is io n s  b e fo re  D N A  d a m a g e  
re c o g n itio n .
P re v io u s  s tu d ie s  w i th  U 87  ce lls  h a v e  r e p o r te d  s im ila r  re su lts .  T ro g  e t  al. (2005) s tu d ­
ie d  th e  g ro w th  o f  U 87  ce lls  e x p o s e d  to  10 a n d  30 p g / m l  T M Z , e q u iv a le n t to  51.5 a n d  
154.52 p M , re sp e c tiv e ly , a n d  f o u n d  a  d e c re a s e  in  g ro w th  r a te  o n ly  a f te r  48  h  f ro m  t r e a t ­
m e n t. S im ila rly , H iro s e  e t  al. (2001) sh o w e d  a  g ro w th  a r r e s t  2 d a y s  a f te r  T M Z  tr e a tm e n t  
(3 h  in c u b a tio n  w i th  100 pM ) in  U 87  ce lls  a n d  r e p o r te d  a  c o n s ta n t  ce ll n u m b e r  o v e r  
th e  fo llo w in g  12 d a y s . C o m b s  e t  a l. (2009) a lso  p e r f o rm e d  a  ce ll g ro w th  a n a ly s is  o f  
U 8 7  ce lls  a f te r  tr e a tm e n t  w i th  20 p M  T M Z  fo r  a  p e r io d  o f  4  h . T h e  re la tiv e  g ro w th  
c u rv e s  s h o w e d  a  d e c re a s e  in  g ro w th  ra te  a f te r  20 h  f ro m  tr e a tm e n t  a n d  a  t r a n s ie n t
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d r o p  in  th e  ce ll n u m b e r  a t  45 h . A n  e x p e c te d  s y n e rg is tic  in c re a se  o f  ce ll k ill in g  m ig h t  
b e  re a c h e d  b y  i r r a d ia t io n  a f te r  48  h  f ro m  T M Z  e x p o s u re . H o w ev er, C o m b s  e t  al. (2009) 
r e p o r te d  n o  s ig n if ic a n t d if fe re n c e  in  s u rv iv a l  w h e n  ce lls  w e re  i r r a d ia te d  im m e d ia te ly  
a f te r  t r e a tm e n t  o r  48  h  la te r.
6.2.2 C o-treatm ent w ith  T M Z  and  X -rays induces independent cy to tox ic ity
T h e  r e s u l ts  o f  th e  p r e s e n t  w o rk  s u g g e s t  th a t  T M Z  h a s  a n  in d e p e n d e n t  a d d i t iv e  e ffec t 
to  X -rays. C e ll k ill in g  w a s  s ig n if ic a n tly  m o re  p ro n o u n c e d  in  th o s e  ce lls  la c k in g  a  fu n c ­
tio n a l  M G M T  (U 87 a n d  U 373). In  c o n tra s t ,  fo r  th e  M G M T -u n m e th y la te d  ce ll lin e s  
(L N 18 a n d  T98G ) th e re  w a s  n o  s ig n if ic a n t d if fe re n c e  in  c lo n o g e n ic  s u r v iv a l  w i th  th e  
a d d i t io n  o f  T M Z  a t  d if fe re n t c lin ic a lly -e q u iv a le n t c o n c e n tra tio n s . T h e se  d a ta  a re  in  
a g re e m e n t  w i th  th e  in  v ivo  f in d in g s  o f H e g i e t a l. (2005) th a t  M G M T  is  a n  im p o r ta n t  
p r e d ic to r  o f s e n s it iv i ty  to  T M Z .
T h e  ce ll s u rv iv a l  c u rv e s  o f c o m b in e d  T M Z  a n d  r a d ia t io n  w e re  g e n e ra lly  p a ra l le l  
to  th o s e  o f  r a d ia t io n  a lo n e  (Fig. 5.2.4). In  r e g a rd s  to  th e  L Q  m o d e l f i t t in g s , a ll ce ll 
lin e s  e x p o s e d  to  X -rays p lu s  25 a n d  50 p M  T M Z  r e p o r te d  s im ila r  v a lu e s  fo r  th e  |3 
p a ra m e te r .  C h a lm e rs  e t  a l. (2009) r e p o r te d  lit t le  o r  n o  c h a n g e  in  |3 w h e n  T 98G  a n d  
U 87  ce lls  re c e iv e d  10 p M  T M Z  1 h  p re - i r ra d ia t io n .  H o w ev er, th e y  o b s e rv e d  a  d e c re a s e  
o f  (3 w h e n  ce lls  re c e iv e d  10 p M  T M Z  72 h  b e fo re  b e in g  ir ra d ia te d .  In  th is  s tu d y , a  
g e n e ra l  in c re a se  o f  a  w a s  o b se rv e d , w i th  th e  e x c e p t io n  o f  U 373 ce lls  e x p o s e d  to  50  p M  
T M Z . L ik e w ise , C h a lm e rs  e t  al. (2009) r e p o r te d  a  s im ila r  in c re a se  in  a  w h e n  ce lls  w e re  
t r e a te d  w i th  10 p M  T M Z  1 a n d  72 h  b e fo re  ir ra d ia t io n .  T h e y  a lso  o b s e rv e d  a  d e c re a s e  
in  oc o n ly  in  U 373 ce lls  w h e n  e x p o s e d  to  10 p M  T M Z .
T h e  s u rv iv a l  c u rv e  fo r  th e  M G M T -m e th y la te d  U 373 ce ll lin e , t r e a te d  w i th  X -ray s  p lu s  
50 p M  T M Z , a p p e a r s  to  c o n v e rg e  to w a rd s  th e  o th e r  c u rv e s  in  th e  d o s e  r a n g e  b e y o n d  
2 Gy. T h e  im p o r ta n c e  o f th is  o b s e rv a tio n  is  u n c le a r , b u t  i t  is  s u p p o r te d  b y  a  n u m b e r  o f  
o th e r  s tu d ie s  (C h a lm e rs  e t  a l., 2009; C o m b s  e t  a l., 2009; W e d g e  e t  al., 1997). C h a lm e rs  
e t  al. (2009) p r o p o s e d  th a t  th is  m a y  b e  d u e  to  a n  u p r e g u la t io n  o f  th e  M G M T  a c tiv i ty  in  
r e s p o n s e  to  h ig h e r  ra d ia t io n  d o se s , w h e re a s  C o m b s  e t  al. (2009) h y p o th e s iz e d  th a t  th is  
m a y  b e  d u e  to  a  k in d  o f  'f e e d e r  e ffe c t ' (i.e. th e  n o n -p ro li fe ra tin g  ce lls  p r o v id e  s u p p o r t ,  
s im ila r  to  a  m a tr ix , to  th e  u n d a m a g e d  cells).
T h e  a d d i t iv e  effec t b e tw e e n  T M Z  a n d  X -rays w a s  a lso  c o n f irm e d  v ia  is o b o lo g ra m  
a n a ly s is ,  a s  p r o p o s e d  b y  S tee l a n d  P e c k h a m  (1979). I n te r e s t in g ly  th e  iso lin e s  in  th e  
is o b o lo g ra m  o f  U 373 ce lls  w e re  c lo se ly  s p a c e d , s u g g e s t in g  a  s te e p  d e c re a s e  in  ce ll
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s u rv iv a l  a t  lo w  r a d ia t io n  d o se s  (0.5-2 G y) w h e n  c o m b in e d  w i th  25 o r  50 p M  T M Z .
T h e  c lo se d  c o n to u r  lin e  a t  10%  s u rv iv a l  m ig h t  b e  d u e  to  a n  o v e rk ill e ffec t o f  T M Z  
w h e n  u s e d  in  c o m b in a t io n  w i th  r a d ia t io n  o r  m ig h t  re f lec t th e  l im ita tio n  o f  th e  c o n to u r  
p lo t t in g  m e th o d . P re v io u s ly , W e d g e  e t  al. (1997) a p p l ie d  th is  m e th o d , r e p o r t in g  th a t  
c o m b in a t io n s  o f  T M Z  a n d  X -ray s w e re  f o u n d  to  b e  a d d it iv e  a n d  a n ta g o n is t  in  U 373 
a n d  M a w i ce lls , resp e c tiv e ly .
6.2.3 T M Z  yields additive cell k illing  w hen  com bined w ith  h igh-L E T  radiation
T h e  c lo n o g e n ic  ra d io s e n s it iv i ty  o f L N 1 8  a n d  U 8 7  ce ll lin e s  to  p r o to n  a n d  a lp h a  p a r t ic le  
r a d ia t io n  w a s  e v a lu a te d . D e sp i te  d iv e rse  p5 3  a n d  M G M T  s ta tu s e s , th e  R B E io  v a lu e s  
d if fe r  o n ly  m o d e s t ly  b e tw e e n  b o th  ce ll lin e s  w i th  v a lu e s  in  th e  o r d e r  o f  1 .06-1 .17 a n d  
1.68-1.84 fo r  3 M eV  p r o to n s  a n d  6 M eV  a lp h a  p a r tic le s ,  re sp ec tiv e ly . T h e  R B E io  v a lu e s  
fo r  p ro to n s  a re  in  a g re e m e n t w i th  a n  R B E io  v a lu e  o f  1.1 g e n e ra lly  u s e d  in  c lin ic a l 
p r o to n  th e ra p y  (G e rw e c k  a n d  K o z in , 1999). S ig n if ic a n t in c re a se s  in  R B E io  v a lu e s  w e re  
o b s e rv e d  w i th  in c re a s in g  LET i r r a d ia t io n  e m p lo y in g  a lp h a  p a r tic le s  w i th  a n  in it ia l  
e n e rg y  o f  6 MeV. A  l im ite d  n u m b e r  o f  in  vitro  s tu d ie s  h a v e  lo o k e d  a t  th e  e ffec ts  o f 
a lp h a  p a r t ic le s  o n  G B M  cells . T a k a h a sh i e t  a l. (2000) e x a m in e d  A 172 a n d  T 98G  ce lls  
a f te r  a lp h a  p a r t ic le  i r ra d ia t io n  w i th  a  d o se -a v e ra g e d  LET  o f  156 k e V /p m  a t  2 .24  M eV  
in c id e n t en e rg y , r e p o r t in g  a n  R B E io  r a n g in g  f ro m  1.19 (A 172) to  1.33 (T98G ). I t  s h o u ld  
b e  n o te d ,  h o w ev e r, th a t  th e s e  ce lls  w e re  i r r a d ia te d  u s in g  a  A m  s o u rc e  in  a  H e  g a s  
ch a m b e r.
T h e  P 53  w ild - ty p e  U 8 7  ce ll lin e  w a s  s lig h tly  m o re  se n s itiv e  to  X -ray s w i th  a  D io  
(d o se  r e q u ir e d  to  re d u c e  ce ll s u rv iv a l  to  10% ) o f  5.31 G y  c o m p a re d  to  th e  p 5 3  m u ta n t  
L N 18  ce ll l in e  w ith  a  D io  o f  5 .49 Gy. T h e  ro le  o f  th e  tu m o u r  s u p p r e s s o r  g e n e  p 5 3  in  
r a d ia t io n  r e s p o n s e  h a s  b e e n  c o n tro v e rs ia l. S o m e  p a p e r s  h a v e  a s so c ia te d  m u ta t io n  o r  
lo ss  o f  P53 w i th  re s is ta n c e  to  c o n v e n tio n a l r a d io th e r a p y  (G u d k o v  a n d  K o m a ro v a , 2003).
In  c o n tra s t ,  in  so m e  o th e r  s tu d ie s  ra d io s e n s it iv i ty  w a s  r e p o r te d  to  b e  p 5 3 - in d e p e n d e n t  
in  p a r t ic u la r  w h e n  ce lls  w e re  i r r a d ia te d  w i th  h ig h -L E T  r a d ia t io n  ( Iw a d a te  e t  a l., 2001; 
T a k a h a sh i e t  a l., 2000; T su b o i e t  a l., 2007).
P ro to n  a n d  a lp h a  p a r t ic le  i r r a d ia t io n  w a s  a lso  a s se s s e d  in  c o m b in a t io n  w i th  25 p M  
T M Z . O n c e  a g a in , n o  s ig n if ic a n t in te ra c t io n  b e tw e e n  p ro to n s ,  a lp h a  p a r t ic le s  a n d  T M Z  
c o u ld  b e  o b s e rv e d  in  b o th  M G M T -u n m e th y la te d  L N 18  a n d  M G M T -m e th y la te d  U 8 7  
ce ll lin e s  (Fig. 5.2.5). C o m b s  e t  al. (2009) o b s e rv e d  c o n v e rg in g  s u rv iv a l  c u rv e s  a t  
h ig h e r  r a d ia t io n  d o se s  w i th  b o th  X -ray s a n d  c a rb o n  io n s  w h e n  c o m b in e d  w i th  10 a n d
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20 p M  T M Z . T h is  e ffec t w a s  o b s e rv e d  to  a  l im ite d  d e g re e  in  th e  p r e s e n t  s tu d y  in  th e  
M G M T -m e th y la te d  U 87  ce lls  e x p o s e d  to  a lp h a  p a r t ic le s  p lu s  25 p M  T M Z  a t  d o s e s  o f  3 
G y  a n d  u p w a r d s .
I t  w o u ld  b e  o f in te re s t  to  d e te r m in e  th e  u n d e r ly in g  m e c h a n is m s  o f  ce ll d e a th  a n d  
w h e th e r  T M Z  affec ts  ce ll d e a th  k in e tic s  a n d  r e s p o n s e  to  h ig h -L E T  ra d ia t io n .  To d a te ,  
h o w e v e r, o n ly  fe w  p re c lin ic a l d a ta  e x is t o n  a p o p to s is  w i th  X -ray s in  c o m b in a t io n  w i th  
T M Z . C h a k ra v a r t i  e t  a l. (2006) o b s e rv e d  a  b ip h a s ic  a p o p to tic  r e s p o n s e  in  tw o  M G M T - 
m e th y la te d  ce ll lin e s  t r e a te d  w i th  6 G y  X -ray s a n d  100 p M  T M Z , a n d  s p e c u la te d  th a t  
T M Z  a c ts  a s  a  c a ta ly s t  in  p ro m o tin g  th e  s e c o n d  d e la y e d  w a v e  o f  a p o p to s is  (b e y o n d  
36 h  o f  tr e a tm e n t) .  In  c o n tra s t ,  K il e t  al. (2008) r e p o r te d  n o  effec t o f  T M Z  o n  a p o p to s is  
in  a n  M G M T -m e th y la te d  ce ll l in e  t r e a te d  w i th  2 G y  X -ray s a n d  50 p M  T M Z . A fte r  
h ig h -L E T  r a d ia t io n ,  th e re  is  e v id e n c e  th a t  b e s id e s  a p o p to s is  o th e r  ty p e s  o f  ce ll d e a th  
s u c h  a s  m ito tic  c a ta s tr o p h e  o r  se n e sc e n c e  m a y  p la y  a n  im p o r ta n t  ro le  ( Iw a d a te  e t  a l.,
2001).
6 .2 .4  In fluence o f  T M Z  and L E T  on the yield  o fy - H z A X fo c i  after proton and  alpha particle  
irradiation
O n ly  a  fe w  s tu d ie s  h a v e  in v e s tig a te d  th e  in d u c t io n  a n d  r e p a ir  k in e tic s  o f  D SB s fo l­
lo w in g  h ig h -L E T  ra d ia t io n  o n  g lio m a  ce ll lin e s . P re se n tly , n o  d a ta  e x is t  o n  th e  D N A  
d a m a g e  a n d  r e p a ir  f ro m  c o n c o m ita n t  T M Z  c h e m o th e ra p y  a n d  h ig h -L E T  ra d ia t io n .  In  
th is  s tu d y , th e  n u m b e r  o f  y -H 2 A X  foci w a s  e v a lu a te d  a s  a n  in d ic a to r  o f  D N A  d a m ­
a g e  in d u c e d  b y  a  2 G y  c lin ic a lly  re le v a n t r a d ia t io n  d o s e  o f 3 M eV  p r o to n s  (LET 12.91 
k eV /  p m ) a n d  6 M eV  a lp h a  p a r tic le s  (LET 99.26 k e V /  p m ) w i th  o r  w i th o u t  25 p M  T M Z .
F oci r e s o lu t io n  s h o u ld  a lso  fo llo w  DSB re p a ir  k in e tic s ; h o w ev e r, s e v e ra l s tu d ie s  p o in te d  
o u t  th a t  d e p h o s p h o ry la t io n  o f  th e  H 2 A X  h is to n e , d u e  to  th e  p ro c e s s  o f  p r o te in  d is s o ­
c ia t io n  f ro m  th e  c h ro m a tin  s tru c tu re ,  ta k e s  p la c e  w i th  a  s ig n if ic a n t d e la y  c o m p a r e d  to  
th e  a c tu a l  r e p a i r  o f D SB s (S h o rt e t  a l., 2007).
I t  w a s  o b s e rv e d  th a t  p e r  G y  e q u iv a le n t  p r o to n s  in d u c e  a  s im ila r  n u m b e r  o f  fo c i c o m ­
p a r e d  to  lo w -L E T  X -rays. In  c o n tra s t ,  w h e n  ce lls  w e re  i r r a d ia te d  w i th  a lp h a  p a r t ic le s  
th e  n u m b e r  o f  fo c i p e r  G y  w a s  lo w e r  th a n  X -rays a n d  p ro to n s .  T h e  y ie ld  o f  y -H 2 A X  
foci a t  1 h  a f te r  a lp h a  ir ra d ia t io n  w a s  6.18 a n d  4  f o c i / c e l l /G y  fo r  L N 18  a n d  U 8 7  ce lls , 
re sp e c tiv e ly . T h is  n u m b e r  c lo se ly  c o r re s p o n d s  to  th e  n u m b e r  o f a lp h a  tra c k s  th a t  t r a ­
v e rs e  th e  n u c le u s  o f a  10 p m  d ia m e te r  cell. I n d e e d , th e  a v e ra g e  s iz e  o f  th e  fo c i a p p e a r e d  
to  b e  g r e a te r  t h a n  th o s e  in d u c e d  b y  X -ray  a n d  p r o to n  i r ra d ia t io n .  T h e se  fo c i m ig h t  r e p ­
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r e s e n t  c lu s te re d  le s io n s  a t  th e  e n t r a n c e /e x i t  s ite s  o f th e  l in e a r  p a r t ic le  tr a je c to ry  ac ro ss  
th e  ce ll n u c le u s . S im ila rly , L e a th e rb a rro w  e t  al. (2006) r e p o r te d  3.8 f o c i / c e l l /G y  a t  
20 m in  fo llo w in g  i r r a d ia t io n  w i th  3.31 M eV  a lp h a  p a r tic le s . T h e  a v e ra g e  n u m b e r  o f 
t ra c k s  p e r  ce ll w a s  6 p e r  2 Gy, w h ile  in  th e  p r e s e n t  s tu d y  th is  n u m b e r  w a s  c lo se r  to  
10. T h is , to g e th e r  w i th  th e  d if fe re n t o b s e rv a tio n  tim e s  a f te r  t r e a tm e n t  (20 m in  v s . 1 h ), 
m ig h t  e x p la in  th e  s l ig h tly  d if fe re n t y ie ld  v a lu e s . N e v e r th e le s s , th e  k in e tic s  o f  lo s s  o f 
foci w a s  s im ila r  fo llo w in g  X -ray, p r o to n  a n d  a lp h a  i r r a d ia t io n  w i th  c o m p a ra b le  v a lu e s  
o f  r e s id u a l  y -H z A X  fo c i a t  24 h .
T h e  c o m p a r is o n  o f D SB s b e tw e e n  X -ray s a n d  p r o to n s  d u e  to  d if fe re n t s u p p o r t  m a ­
te r ia ls  (i.e. g la s s  co v e r  s lip s  fo r  X -ray s a n d  p o ly p ro p y le n e  fo il fo r  p ro to n s )  h a s  b e e n  
r e c e n tly  e v a lu a te d . K eg e l e t  a l. (2007) r e p o r te d  a  tw o fo ld  in c re a se  in  y -H z A X  fo c i n u m ­
b e r  in  ce lls  i r r a d ia te d  w i th  X -rays o n  g la ss  c o m p a re d  to  a  p la s tic  su rfa c e . F u r th e rm o re ,  
A n to c c ia  e t  al. (2009) r e p o r te d  a n  ex cess  o f D SB s in  ce lls  th a t  re c e iv e d  X -ray s o n  g la ss  
s lid e s  c o m p a re d  to  lo w  e n e rg y  p r o to n s  (28.5 k e V /p m ) .  T h e se  f in d in g s  m ig h t  e x p la in  
th e  h ig h e r  n u m b e r  o f y -H 2 A X  fo c i a t  4  h  a f te r  X -ray s c o m p a re d  to  p ro to n s  s h o w n  in  
th is  s tu d y .
T h e  r e s o lu t io n  o f  D SB s w a s  a lso  a s se s s e d  a f te r  i r r a d ia t io n  w i th  p r o to n s  a n d  a lp h a  
p a r t ic le s  in  th e  p re s e n c e  o f  25 p M  T M Z . E x p o s u re  to  T M Z , p r o to n s  a n d  a lp h a  p a r t ic le s  
r e s u l te d  in  a  g re a te r  n u m b e r  o f  foci a t  24 h ; h o w ev e r, th e  in c re a se  w a s  le ss  th a n  a d d i t iv e  
in  te rm s  o f  in d iv id u a l  t r e a tm e n ts  a s  w a s  r e p o r te d  fo r  X -rays.
F itt in g  o f th e  r e p a ir  k in e tic s , a f te r  p r o to n  a n d  a lp h a  p a r t ic le  i r ra d ia t io n ,  to  a n  e x p o ­
n e n t ia l  d e c a y  p ro c e s s  s u g g e s te d  r e p a ir  h a lf- liv e s  o f  8.24-12.56 h . T h e se  f in d in g s  a re  
in  lin e  w i th  th e  p r o p o s e d  m o d e l o f  r e p a ir  o f  r a d ia t io n - in d u c e d  D SB s b y  I lia k is  e t  al.
(2004). A c c o rd in g  to  th is  m o d e l,  th e  p ro c e s s  o f  D N A  r e p a ir  in v o lv e s  a  s lo w  a n d  a  f a s t  
c o m p o n e n t.  T h e  f irs t  c o m p o n e n t  ta k e s  p la c e  1-30 m in  a f te r  i r r a d ia t io n  a n d  is  d u e  to  
th e  D N A  p r o te in  k in a s e -d e p e n d e n t  n o n  h o m o lo g o u s  e n d  jo in in g  (D -N H E J). T h e  se c ­
o n d  c o m p o n e n t  is re s p o n s ib le  fo r  th e  s lo w  r e p a ir  (h a lf-life  2-10 h ) a n d  is  k n o w n  as  
b a c k u p  N H E J (B -N H E J). B a sed  o n  th e  f in d in g s  o f  th e  c u r r e n t  s tu d y , th e  r e p a ir  k in e tic s  
a re  lik e ly  to  r e p r e s e n t  th e  s lo w e r  c o m p o n e n t. In d e e d , th e  a n a ly s is  o f  fo c i f o rm a tio n  
s ta r te d  a t  1 h  a f te r  ir ra d ia t io n .
6.2.5 Com parison o f  the in  v ivo  model predictions w ith  the experim ental results
A s r e p o r te d  in  S ec tio n  2.5, th e re  is  a  g ro w in g  n u m b e r  o f  p re c lin ic a l s tu d ie s  th a t  h a v e  a t ­
te m p te d  to  a d d r e s s  h o w  T M Z  affec ts  r a d ia t io n  s e n s itiv i ty ; h o w ev e r, r e s u l ts  v a r y  la rg e ly
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f ro m  s y n e rg y  to  s im p ly  a d d i t iv e  cy to to x ic ity . L ik e w ise , th is  s tu d y  p r e s e n ts  a  d iv e r ­
g e n c e  b e tw e e n  th e  in  v ivo  m o d e l  p re d ic t io n ,  d e s c r ib e d  in  C h a p te r  3, a n d  th e  in  vitro  
e x p e r im e n ta l  d a ta ,  r e p o r te d  in  C h a p te r  5. T h e re  a re  a  n u m b e r  o f p la u s ib le  e x p la n a tio n s  
fo r  th is .
T h e  m o d e ll in g  r e s u l ts  s tr ic tly  d e p e n d  o n  th e  v a l id ity  o f  E q. 3.5 a n d  th e  a s s u m p ­
tio n s  r e q u ir e d  w i th in  th e  m o d e l.  A t  p re s e n t ,  th e  m o d e l  d o e s  n o t  e x p lic i tly  in c lu d e  th e  
M G M T  p r o m o te r  m é th y la t io n  s ta tu s  o f  th e  p a t ie n t .  H o w ev er, th is  te r m  c a n  b e  e a s ily  
in te g ra te d  in  th e  m o d e l  a s  a  m u lt ip lic a t iv e  fa c to r  o f  XcHemo in  Eq. 3.5. F o r  55%  o f  th e  
p a t ie n t  p o p u la t io n  th is  fa c to r  is  e x p e c te d  to  b e  e q u a l to  o n e  a n d  fo r  th e  r e m a in in g  45%  
le ss  th a n  o r  e q u a l  to  o n e , w h e r e  th e s e  p e rc e n ta g e s  a re  in  a c c o rd a n c e  w i th  th e  r e s u l ts  
r e p o r te d  b y  H e g i e t  a l. (2005).
In  th e  m o d e l,  i t  w a s  a lso  d e l ib e ra te ly  a s s u m e d  th a t  th e  s u rv iv a l  f ra c tio n  a f te r  o n e  
d o s e  o f  T M Z  is  n o t  d e p e n d e n t  o n  th e  d o s e  o r  o n  th e  d o s e  d en s ity . L ik e w ise , T M Z  
w a s  n o t  a s s u m e d  to  a ffec t th e  r a te  c o n s ta n t  fo r  c a n c e r  ce ll g ro w th , a n d  c o n s e q u e n tly  
th e  m o d e l  p r e d ic t io n  o f  th e  tu m o u r  r e g ro w th  tim e . In  c o n tra s t ,  th e  e x p e r im e n ta l  d a ta  
s h o w e d  a  lin e a r  in c re a se  o f  th e  ce ll p o p u la t io n  d o u b lin g  t im e  w i th  in c re a s in g  d o s e s  o f 
T M Z  in  th e  M G M T -m e th y la te d  ce ll lin es .
T h e  m o d e l  h a s  a lso  b e e n  e x te n d e d  to  in c lu d e  th e  b a s ic  r a d io b io lo g y  v ia  th e  L Q  
e q u a tio n . T h e re  w a s  n o  a t te m p t  m a d e  to  in c lu d e  o th e r  te rm s  in  th e  L Q  m o d e l,  su c h  
a s  ce ll r e p o p u la t io n ,  h y p o x ia  a n d  n o r m a l  t is s u e  re s p o n s e . T h is  lev e l o f  c o m p le x i ty  is  
n o t  r e q u ir e d  fo r  a  p o p u la t io n -b a s e d  m o d e l  lik e  th e  o n e  p r e s e n te d  in  th is  w o rk , w h ic h  
is  m a in ly  d e s ig n e d  to  p r e d ic t  p a t ie n t  s u rv iv a l .  H o w e v e r, i t  s h o u ld  b e  c o n s id e re d  th a t  
th e s e  p ro c e s se s  m a y  a l te r  so m e  o f  th e  p a r a m e te r  v a lu e s .
I t  s h o u ld  a lso  b e  k e p t  in  m in d  th a t  e ffec ts  in  vitro  d o  n o t  n e c e s sa r ily  t r a n s la te  in to  
th e  s a m e  effec t in  vivo . T y p ica l p ro b le m s  a re  th a t  h ig h e r  d r u g  c o n c e n tra tio n s  c a n  b e  
a c h ie v e d  in  vitro  th a n  in  vivo  a s  w e ll a s  d if fe re n t e x p o s u re  tim e s . In  th is  s tu d y , th e  ce lls  
w e re  in c u b a te d  w i th  T M Z  d o se s  w i th in  th e  r a n g e  m e a s u r e d  in  C SF a f te r  e x p o s u re  to  
75 m g /m ^  a n d  150 m g /m ^  (O s te rm a n n  e t  al., 2004). T h e  in c u b a tio n  t im e  o f 2 h  w i th  
T M Z  u s e d  in  th is  s tu d y  w a s  a lso  e q u iv a le n t  to  th e  in te rv a l  r e p o r te d  to  p r o d u c e  p e a k  
c o n c e n tra t io n  in  C SF (P a te l e t  a l., 2003).
A n o th e r  s ig n if ic a n t d if fe re n c e  is  th a t  w h ile  a  s in g le  r a d ia t io n  f ra c tio n  w a s  a p p l ie d  
in  th e  ce ll e x p e r im e n ts ,  c o n v e n tio n a l ra d io th e ra p y , a s  i t  is  u s e d  in  re a l c lin ic a l p r a c ­
tice , is  f ra c tio n a te d  in  d a i ly  f ra c tio n s  o f 2 Gy. D iv id in g  th e  d o s e  in to  a  n u m b e r  o f  
f ra c tio n s  a llo w s  th e  r e p a ir  o f su b le th a l  d a m a g e  a n d  r e p o p u la t io n  o f  ce lls  b e tw e e n  d o s e  
f ra c tio n s  (Jo in er a n d  v a n  d e r  K o g el, 2009). T h is  p h e n o m e n o n  m ig h t  a ffec t th e  in te r ­
a c tio n  b e tw e e n  T M Z  a n d  r a d ia t io n  d u r in g  th e  c o u rs e  o f th e  t re a tm e n t. In te re s tin g ly ,
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v a n  N if te r ik  e t  al. (2007) r e p o r te d  th a t  T M Z  w a s  a b le  to  ra d io s e n s it iz e  G B M  ce lls  u s in g  
s in g le - fra c tio n  i r ra d ia t io n ,  b u t  n o  e n h a n c e m e n t  in  r a d ia t io n  r e s p o n s e  b y  T M Z  w a s  s e e n  
fo r  f ra c tio n a te d  ir ra d ia t io n .
F u r th e rm o re ,  th e  e x p e r im e n ta l  r e s u lts  w e re  m a in ly  b a s e d  o n  c lo n o g e n ic  s u rv iv a l  
a s say s . C lea rly , th e re  a re  a  n u m b e r  o f c e llu la r  r e s p o n s e s , o th e r  th a n  a p o p to s is  a n d  
n e c ro s is , s u c h  a s  a u to p h a g y  a n d  se n e sc e n c e  (M h a id a t  e t  a l., 2007), w h ic h  m a y  b e  v a l id  
e n d  p o in ts  to  s tu d y  th e  n a tu r e  o f th e  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  b u t  th e s e  
c a n n o t b e  e a s ily  r e c a p i tu la te d  in  vitro.
I t  s h o u ld  a lso  b e  n o te d  th a t  in  th e  in  v ivo  e n v iro n m e n t  th e re  a re  a  n u m b e r  o f  ce ll 
p o p u la t io n s ,  o th e r  th a n  th e  tu m o u r  ce lls , t h a t  m a y  p la y  a n  im p o r ta n t  ro le  in  m e d ia t in g  
T M Z 's  e ffec t a n d  in te ra c t io n  w i th  r a d ia tio n .  S lo w ly  p ro lif e ra tin g  n o r m a l  ce lls , s u r ­
r o u n d in g  th e  tu m o u r ,  m ig h t  b e  r a d io s e n t iz e d  o r  r a d io p r o te c te d  b y  T M Z . C h a k ra v a r t i  
e t  al. (2006) r e p o r te d  th a t  th e  a d d i t io n  o f  T M Z  to  r a d ia t io n  d id  n o t  a ffec t c lo n o g e n ic  
s u rv iv a l  in  n o r m a l  h u m a n  a s tro c y te s , s u g g e s t in g  a  la c k  o f T M Z -m e d ia te d  r a d io s e n s i­
tiz a t io n  in  th e  p o p u la t io n  o f n o r m a l  cells . R ecen tly , re s is ta n c e  to  th e ra p y  h a s  b e e n  a t ­
t r ib u te d  to  a  m in o r i ty  p o p u la t io n  o f  tu m o u r  s te m -lik e  ce lls , o f te n  r e fe r re d  to  a s  tu m o u r -  
in i t ia t in g  ce lls  (T IC s), w h ic h  a re  c a p a b le  o f  se lf- re n e w a l, m u lt i- l in e a g e  d if fe re n tia t io n  
a n d  tu m o u r  fo rm a tio n  (S in g h  e t a l., 2003). H e n c e , th e  in  vivo  e ffec t o f  T M Z  m ig h t  r e ­
flec t th e  r e s p o n s e  o f th is  h ig h ly  tu m o r ig e n ic  s u b p o p u la t io n  o f tu m o u r  ce lls  r a th e r  th a n  
th e  s ta n d a r d  im m o r ta lis e d  tu m o u r  ce lls  c o m m o n ly  u s e d  fo r  in  vitro  e x p e r im e n ts .
T ak e n  to g e th e r  th e  d a ta  p r e s e n te d  in  th is  d is s e r ta t io n  in d ic a te  th a t  th e  in  vitro  e ffec ts  
o f  T M Z  a n d  r a d ia t io n  a re  a d d i t iv e  a n d  in d e p e n d e n t;  w h e re a s  f u r th e r  m o d e l  d e v e lo p ­
m e n ts  a n d  c lin ic a l tr ia ls  a re  n e e d e d  to  c o n fu te  th e  m o d e ll in g  p re d ic tio n .
6.3 D IS C U S S IO N  OF RE SU L T S R E L E V A N T  TO S E C T IO N  5 .3
D u e  to  th e  th e ra p e u t ic  l im ita tio n s  o f  c o n v e n tio n a l r a d io th e r a p y  a n d  c h e m o th e ra p y , 
in h ib i t io n  o f P A R P  is  c u r re n tly  b e in g  in v e s tig a te d  a s  a  p o te n t ia l  m e a n s  fo r  e n h a n c ­
in g  G B M  tre a tm e n t,  p a r t ic u la r ly  in  th e  e ld e r ly  p a t ie n t  g ro u p  (P A R A D IG M  S tu d y , A . 
C h a lm e rs , p e r s o n a l  c o m m u n ic a tio n , F e b ru a ry  2012).
To d a te ,  o n ly  o n e  s tu d y  lo o k e d  a t  th e  t r im o d a l  c o m b in a t io n  o f  P A R P  in h ib i to r  A BT- 
888 w i th  T M Z  a n d  X -rays in  G B M  x e n o g ra f ts  (C la rk e  e t  a l., 2009b). T h e  in  vitro  r e s u l ts  
o f  th e  p r e s e n t  s tu d y  s u g g e s t  th a t  A BT-888 e n h a n c e s  th e  e ffec ts  o f ra d ia t io n .  A  f u r ­
th e r  s e n s it iz a t io n  h a s  a lso  b e e n  s h o w n  w h e n  A BT-888 w a s  a d d e d  to  b o th  T M Z  a n d  
X -rays. A lth o u g h  th e  m a x im u m  e n h a n c e m e n t in  ce ll k i ll in g  w a s  o b ta in e d  in  M G M T -
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m e th y la te d  ce ll lin e s , M G M T  e x p re s s io n  d id  n o t  p re v e n t  A B T -8 8 8 -m e d ia ted  s e n s it iz a ­
tio n . T h is  s tu d y  a lso  in d ic a te s  th a t  P A R P  in h ib i t io n  h a s  o n ly  a  m o d e s t  e ffec t o n  th e  
a p o p to tic  ce ll d e a th  p a th w a y .
6.3.1 A B T -888 is a po ten t inhibitor o f  P A R P
D o n a w h o  e t  al. (2007) f irs t s h o w e d  th a t  A BT-888 w a s  a  p o te n t  in h ib i to r  o f  b o th  P A R P - 
1 a n d  P A R P-2  (K t o f  5.2 a n d  2.9 n m o l /L ,  re sp e c tiv e ly ) , o ra l ly  b io a v a ila b le  a n d  a b le  
to  e ffec tiv e ly  p e n e tr a te  th e  BBB w ith  a  p la s m a  to  b r a in  ra t io  o f  3:1. T h e  p r e s e n t  in  
vitro  s tu d y  c o n f irm e d  its  f a v o u ra b le  p h a rm a c o k in e tic  p ro f ile  a n d  f o u n d  th a t  A BT-888 
effec tiv e ly  a t te n u a te d  p A D P r  fo rm a tio n  a t  a  n o n -c y to to x ic  c o n c e n tra t io n  o f  5 p M  in  
a ll f o u r  G B M  ce ll lin e s  (F igs. 5 .3 .2  a n d  5 .3 4 ) . T h e se  r e s u lts  c o r re la te  w e ll w i th  th e  
p re v io u s ly  r e p o r te d  d a ta  b y  A lb e r t  e t  al. (2007) o n  H 4 6 0  lu n g  c a rc in o m a  ce lls  a n d  
H o r to n  e t  al. (2009) o n  le u k e m ia  ce lls , in  w h ic h  a n  o p tim a l d o s e  o f  5 p M  A B T-888 w a s  
d e te r m in e d  fo r  in  vitro  m o d e ls .
T h e  EC50 v a lu e s , e s t im a te d  b y  c lo n o g e n ic  s u rv iv a l  a f te r  c o n t in u o u s  e x p o s u re  to  
A BT-888, d id  n o t  s h o w  s tro n g  v a r ia t io n s  a m o n g  th e  ce ll lin e s , e x c e p t fo r  th e  M G M T - 
m e th y la te d ,  p 5 3  w ild - ty p e  U 87  ce ll l in e  (EC50 =  7.54 pM ). I t w o u ld  b e  o f  in te r e s t  to  
e lu c id a te  th e  r e la t io n s h ip  b e tw e e n  P A R P  a n d  P53 a s  a ll th e  o th e r  ce ll l in e s  (L N 18 , T 98G  
a n d  U 87) w e re  m u ta n t  fo r  P 53  (W isc h h u se n  e t  a l., 2003). P re v io u s  r e p o r ts  s u g g e s te d  
th a t  P A R P -i is  a  c rit ic a l r e g u la to r  o f th e  P 53  r e s p o n s e  to  D N A  d a m a g e  (V a le n z u e la  
e t a l., 2002; W ie le r  e t  a l., 2003). T h is  o b s e rv a tio n  m ig h t  b e  re le v a n t to  th e  t r e a tm e n t  o f  
G B M  a s  P53 m u ta t io n s  a re  m o s t ly  a s so c ia te d  w i th  s e c o n d a ry  G B M  (P ro n e u ra l  s u b ty p e ) ,  
w h ile  th e y  a re  n o t  c o m m o n  in  th e  C lass ica l s u b ty p e  (V e rh a ak  e t al., 2010).
6.3.2 A B T -888 enhances radiation response regardless o f  the M G M T  sta tu s
Io n iz in g  r a d ia t io n  in d u c e s  D N A  d a m a g e  r e s u l t in g  in  b o th  SSBs a n d  D SB s in  a  r a t io  o f 
25:1. R a d ia tio n - in d u c e d  SSBs a re  la rg e ly  r e p a ir e d  b y  th e  BER  p a th w a y , w h ic h  in c lu d e s  
PARP. T h e  m a jo r  e ffec t o f  P A R P  in h ib i t io n  in v o lv e s  th e  c o n v e rs io n  o f  SSBs to  m o r e  
le th a l  D SB s d u r in g  D N A  re p lic a tio n . T h is  e ffec t h a s  b e e n  r e p o r te d  b y  p r e v io u s  s tu d ie s  
in v o lv in g  a  n u m b e r  o f P A R P  in h ib i to r s  o n  a  s p e c tr u m  o f  ce ll lin e s  w i th  SER s r a n g in g  
f ro m  1.2 to  1.7 (C h a lm e rs , 2010). O n  th is  b a s is ,  th e  c o m b in a t io n  o f  A B T-888 w i th  X- 
ra y s  w a s  in v e s tig a te d  in  th e  p r e s e n t  s tu d y . T h e  r e s u l ts  d e m o n s tr a te d  th a t  e x p o s u re  
to  5 p M  ABT-888 fo r  5 h  b e fo re  i r ra d ia t io n  r e s u l te d  in  s ig n if ic a n t r a d io s e n s i t iz a t io n  o f
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a ll fo u r  ce ll lin e s  (SER50 =  1.12-1.37), r e g a rd le s s  o f  th e  M G M T  m é th y la t io n  s ta tu s  (Fig.
5.3.5). T h e  r a d io s e n s i t iz in g  effec t o f  A BT-888 s e e m e d  to  b e  in v e rse ly  r e la te d  to  th e  ce ll 
p o p u la t io n  d o u b lin g  tim e . In d e e d , th is  e ffec t w a s  m o re  p r o n o u n c e d  in  L N 18  a n d  U 251 
ce lls  w i th  SER50 o f  1.30 a n d  1.37, re sp e c tiv e ly , a n d  d o u b lin g  tim e s  o f  24 h .
C o n s is te n t  w i th  th e  c u r r e n t  s tu d y , A lb e r t  e t  al. (2007) f o u n d  th a t  6 h  e x p o s u re  to  
5 p M  ABT-888 se n s itiz e s  lu n g  c a n c e r  H 4 6 0  ce lls  to  r a d ia t io n  w i th  a  SER25 o f  1.27.
T h is  w a s  a lso  a c c o m p a n ie d  b y  a  d e la y  in  th e  r e s o lu t io n  o f  y -H 2 A X  fo c i a t  6 h  a f te r  
ir ra d ia tio n .  S im ila rly , E fim o v a  e t al. (2010) n o te d  th a t  A BT-888 m a rk e d ly  e n h a n c e s  
p e rs is te n c e  o f y -H 2 A X  foci in  b r e a s t  c a n c e r  ce lls  u p  to  24 h  a f te r  ir ra d ia t io n .  L iu  e t  al.
(2008a) a lso  s h o w e d  th a t  A BT-888 im p a ir s  th e  r e s o lu t io n  o f  D SB s re m a in in g  a t  24  h  in  
th e  m a lig n a n t  p r o s ta te  c a n c e r  22RV1 ce ll lin e . A lto g e th e r , th e se  d a ta  s u g g e s t  th a t  th e  
r a d io s e n s it iz in g  effec t o f  A BT-888 is  lik e ly  to  b e  a  c o n s e q u e n c e  o f in te ra c t io n  b e tw e e n  
u n r e p a ir e d  SSBs a n d  c o l la p s e d  D N A  re p lic a t io n  fo rk s  (C h a lm e rs , 2010).
In  vivo , o n e  s tu d y  o n  H C T -116 c o lo n  m o d e l  h a s  lo o k e d  a t  th e  c o m b in a t io n  o f  A BT- 
888 p lu s  r a d ia tio n ,  r e p o r t in g  th a t  A BT-888 is  a n  e ffec tiv e  r a d io s e n s it iz e r  (D o n a w h o  
e t  a l., 2007). In  c o n tra s t,  C la rk e  e t  al. (2009b) r e p o r te d  n o  e ffec t o f A BT-888 a d d i t io n  o n  
s u rv iv a l  re la tiv e  to  r a d io th e r a p y  a lo n e  o n  tw o  p r im a r y  G B M  x e n o g ra fts .
6.3.3 A d m in istra tio n  o f  A B T -888fu r th e r  enhances response to T M Z  p lus X -ra ys in  M G M T -  
m ethylated  cell lines
O p tim u m  t r e a tm e n t  o f  G B M  c o m p ris e s  r a d io th e r a p y  w i th  c o n c o m ita n t  a n d  a d ju v a n t  
T M Z . H o w ev er, p a t ie n ts  w i th  a n  u n m e th y la te d  M G M T  s ta tu s  a re  p a r t ic u la r ly  r e s is ta n t  
to  th is  t r e a tm e n t  c o m p a re d  w i th  p a t ie n ts  w h o s e  tu m o u r s  a re  m e th y la te d .  T h e re fo re , 
a  c rit ic a l q u e s tio n , su b je c t o f  th is  s tu d y , is  w h e th e r  P A R P  in h ib i t io n  c a n  o v e rc o m e  th e  
M G M T  m e c h a n is m  o f re s is ta n c e  to  T M Z . To th e  a u th o r 's  k n o w le d g e  th is  is  th e  f irs t  
in  vitro  s tu d y  th a t  lo o k e d  a t  th e  d u a l  ro le  o f  ABT-888 a s  a  p o te n t ia l  c h e m o -  a n d  r a d io ­
s e n s itiz e r  o n  h u m a n  G B M  cell lin e s  a n d  th e  re la tiv e  e ffec t o f M G M T .
T h e  k e y  ro le  o f  th e  B ER  p a th w a y  in  re s o lv in g  D N A  d a m a g e  in d u c e d  b y  T M Z  h a s  
b e e n  e x te n s iv e ly  d e s c r ib e d  in  S u b se c tio n  2.4.3. B riefly, th e  im p a ir m e n t  o f th e  BER 
p a th w a y  b y  P A R P  in h ib i t io n  m a y  o v e rc o m e  G B M  re s is ta n c e  to  T M Z  a n d  b lo c k  th e  
r e p a ir  o f th e  M G M T -in d e p e n d e n t N ^ -m e A  a n d  N ^ -m e G  D N A  a d d u c ts .
T h e  p r e s e n t  s tu d y  su g g e s ts  th a t  tr im o d a l tr e a tm e n t  w i th  ABT-888, T M Z  a n d  r a d io ­
th e ra p y  se e m s  to  m o s t ly  e n h a n c e  ce ll k ill in g  in  th e  M G M T -m e th y la te d  U 8 7  a n d  U 251 
ce ll lin e s  (F ig. 5.3.5). T h e  re la tiv e  SER50 in c re a s e d  f ro m  1.17 a n d  1.37 w i th  A B T-888
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p lu s  X -ray s to  1.43 a n d  1.50 w i th  A BT-888, T M Z  a n d  X -ray s fo r  U 8 7  a n d  U 251 ce ll lin e s , 
r e s p e c tiv e ly  A  m o d e s t  in c re a se  in  SER50 w a s  a lso  n o te d  in  th e  M G M T -u n m e th y la te d  
T 98G  cells . T h is  o b s e rv a tio n  s u g g e s ts  th a t  th e  M G M T  m é th y la t io n  s ta tu s  is  n o t  a n  
a b s o lu te  p r e d ic to r  o f  r e s p o n s e  to  c o m b in e d  t r e a tm e n t  w i th  A BT-888, T M Z  a n d  X -rays.
H o w ev er, th e re  is  d is a g re e m e n t  in  th e  l i te r a tu re  o n  w h e th e r  A B T -8 8 8 -m e d ia ted  s e n s i­
tiz a t io n  to  T M Z  is  in d e p e n d e n t  o f th e  M G M T . P a lm a  e t  al. (2009) r e p o r te d  th a t  n e i th e r  
M G M T  n o r  M M R  p r e c lu d e d  s e n s itiv i ty  to  A BT-888 p lu s  T M Z  in  se v e ra l tu m o u r  ty p e s . 
L ik e w ise , H o r to n  e t  al. (2009) s u g g e s te d  th a t  A BT-888 c h e m o -p o te n t ia t io n  in  le u k e m ia  
a n d  c o lo n  c a n c e r  ce lls  m ig h t  n o t  d e p e n d  o n  th e  M G M T  ac tiv ity . H o w ev er, th e  a u th o r s  
a lso  r e p o r te d  th a t  A BT-888 w a s  le ss  e ffec tiv e  in  th e  p re s e n c e  o f  e le v a te d  M G M T  levels .
In  c o n tra s t,  C la rk e  e t  al. (2009b) s h o w e d  th a t  n o t  a ll G B M  tu m o u r s  r e s p o n d  e q u a lly  to  
A BT-888 p lu s  T M Z , s u g g e s t in g  th a t  ABT-888 m a y  n o t  o v e rc o m e  tu m o u r  re s is ta n c e  to  
T M Z . T h is  h y p o th e s is  w o u ld  im p lic a te  in c o m p le te  a b ro g a t io n  o f  BER b y  A BT-888.
6.3.4 A B T -888 has o n ly  a m odest effect on apoptosis
A p o p to s is  is  a n  e n e r g y -d e p e n d e n t  fo rm  o f ce ll d e a th ,  a n d  a s  su c h , i t  r e q u ir e s  ATP.
A s  p re v io u s ly  e x p la in e d  in  S u b se c tio n  2.4.3, th e  p r in c ip a l  s u b s t ra te  o f  P A R P  is  N A D + , 
w h ic h  is  r e q u ir e d  to  c a ta ly se  p A D P r  in  th e  p re s e n c e  o f  D N A  d a m a g e . I n  tu r n ,  a  
re d u c t io n  in  N A D +  le a d s  to  a  d e p le t io n  o f  ATP. T h u s , P A R P  in h ib i t io n  is  c ru c ia l to  
p re s e rv e  A T P  s to ra g e s  a n d  th e  c o rre c t f u n c tio n in g  o f  th e  a p o p to tic  p a th w a y  (C e p e d a  
e t  al., 2006). O n  th is  b a s is , i t  w a s  im p o r ta n t  to  a s se ss  th e  a p o p to tic  r e s p o n s e  in  L N 1 8  
a n d  U 8 7  ce lls  t r e a te d  w i th  X -ray s on ly . X -ray s p lu s  T M Z , X -ray s p lu s  A B T-888 a n d  
tr im o d a l  c o m b in a t io n  o f  X -rays, T M Z  a n d  ABT-888. O v e ra ll, th e  re s u lts  s u g g e s t  th a t  
th e  c o m b in a t io n  o f  ABT-888 w i th  e i th e r  r a d ia t io n  o r  r a d ia t io n  p lu s  T M Z  h a d  o n ly  a  
m o d e s t  e ffec t o n  th e  a p o p to tic  r e s p o n s e  (Fig. 5.3.6).
S im ila rly , L iu  e t  a l. (2008a) r e p o r te d  n o  s ig n if ic a n t d if fe re n c e  in  a p o p to s is  in  b o th  a  
h u m a n  p ro s ta te  c a n c e r  H 1299  ce ll lin e  a n d  a  n o n -s m a ll  ce ll lu n g  c a n c e r  D U 145  ce ll l in e  
in  th e  p re s e n c e  o r  a b se n c e  o f A BT-888 fo llo w in g  ir ra d ia t io n .  T h is  w a s  c o n s is te n t  w i th  
p re v io u s  r e p o r ts  u s in g  o th e r  P A R P  in h ib i to r s  o r  P A R P - /- ce lls , in  w h ic h  th e  a b s e n c e  
o f  P A R P  s e e m e d  n o t  to  in te r fe re  w i th  th e  a p o p to tic  p a th w a y  (B rock  e t  a l., 2004; W a n g  
e t  a l., 2006).
C o n v e rse ly , A lb e r t  e t  a l. (2007) a s se s s e d  a p o p to s is  a f te r  t r e a tm e n t  w i th  5 p M  A BT- 
888 a n d  r a d ia t io n  o n  a  lu n g  c a n c e r  H 4 6 0  ce ll lin e , r e p o r t in g  a  2 .8 -fo ld  in c re a s e  in  
a p o p to s is  c o m p a re d  to  co n tro l. A d d itio n a lly , in  v ivo  T U N E L  a n a ly s is  o n  s e c tio n s  o f
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H 4 6 0  tu m o u r  m o d e ls  s h o w e d  a  65%  in c re a se  in  a p o p to s is  w h e n  A BT-888 w a s  a d d e d  
to  ra d io th e ra p y . In  a  s e p a r a te  s tu d y , L iu  e t  a l. (2008b) s h o w e d  th a t  5 p M  A BT-888 
c o - tre a tm e n t w i th  th e  D N A  a lk y la t in g  a g e n t  N -m e th y l-N '-n i t ro -N -n i t ro s o g u a n id in e  
(M N N G ) in d u c e d  a c tiv a tio n  o f  ca sp a se -9  a n d  ca sp a se -3  a n d  in c re a s e d  a p o p to s is  in  
c e rv ic a l c a n c e r  H e L a  ce lls  b y  p re v e n t in g  A T P  lo ss . N o w s h e e n  e t al. (2011a) r e p o r te d  
a  s ig n if ic a n t in c re a se  in  a p o p to s is  w h e n  h e a d  a n d  n e c k  c a n c e r  cells w e re  t r e a te d  w i th  
c e tu x im a b  a n d  A BT-888. T h e y  h y p o th e s iz e d  th a t  a p o p to s is  b y  P A R P  in h ib i t io n  w a s  
d u e  to  in tra c e l lu la r  s tre s s  s ig n a ls , w h ic h  r e s u l te d  in  th e  a c tiv a tio n  o f  th e  a p o p to tic  
in tr in s ic  p a th w a y . M o re  rec en tly , H u e h ls  e t  a l. (2011) r e p o r te d  th a t  A B T-888 p r o m o te d  
a p o p to s is  in  o v a r ia n  c a n c e r  ce lls  t r e a te d  w ith  5 - f lu o ro d e o x y u r id in e  (F d U rd )  b u t  n o t  
w i th  5 - f lu o ro u ra c il  (5-FU ).
I t s h o u ld  a lso  b e  n o tic e d  th a t  in  th e  c u r r e n t  s tu d y  th e  m a g n i tu d e  o f  a p o p to s is  d id  
n o t  re f lec t th e  le v e ls  o f e n h a n c e d  c y to to x ic ity  m e a s u r e d  b y  c lo n o g e n ic  a s sa y  w h e n  ce lls  
re c e iv e d  A BT-888 w i th  r a d ia t io n  a n d / o r  T M Z . M u lt ip le  p a th w a y s  o th e r  th a n  a p o p to ­
sis  c o u ld  b e  in v o lv e d  in  A B T -8 8 8 -m e d ia ted  s e n s it iz a t io n  to  T M Z  a n d  X -rays. A lb e r t  
e t  a l. (2007) r e p o r te d  th a t  c o m b in a t io n  o f  A BT-888 w i th  r a d ia t io n  r e s u l te d  in  s ig n if i­
c a n t  in d u c t io n  o f  a u to p h a g y  in  lu n g  c a n c e r  ce lls  t r e a te d  w i th  A BT-888 a n d  r a d ia t io n .  
E fim o v a  e t al. (2010) s h o w e d  a c c e le ra te d  se n e sc e n c e , b o th  in  vitro  a n d  in  v ivo , fo llo w ­
in g  c o m b in e d  A BT-888 a n d  r a d ia t io n  in  M C F 7^^^“ ° ^  G F P -IB D  ce lls  (i.e. a  h o s t  b r e a s t  
c a n c e r  ce ll lin e  w i th  a  g re e n  f lu o re s c e n t p ro te in ,  GFP, fu s e d  to  th e  in te g ra s e  b in d in g  
d o m a in ,  IBD ). R ecen tly , B a rre to -A n d ra d e  e t  al. (2011) r e p o r te d  e v id e n c e  o f  s e n e sc e n c e  
a f te r  t r e a tm e n t  w i th  A BT-888 a n d  r a d ia t io n  in  o n e  o f  th e  tw o  p r o s ta te  x e n o g ra f ts  a n a l­
y s e d ,  in d ic a t in g  th a t  th e  e fficacy  o f  A BT-888 m a y  p a r t ia l ly  d e p e n d  o n  a  c o m p e te n t  
se n e sc e n c e  re s p o n s e . I t  is  n o te w o r th y  th a t  T M Z  a lso  in d u c e s  s e n e sc e n c e  (M h a id a t  
e t  a l., 2007) a n d  h e n c e  th e  se n e sc e n c e  r e s p o n s e  is  lik e ly  to  b e  f u r th e r  e n h a n c e d  in  
t r ip le  th e ra p y  w i th  A BT-888, T M Z  a n d  ra d ia tio n .
6.4 SU M M A R Y
T h is  c h a p te r  d is c u s s e d  th e  m a in  e x p e r im e n ta l  a c h ie v e m e n ts  o f  th e  d is s e r ta t io n  c o m ­
p a r in g  th e m  w ith  th e  li te ra tu re . T h e  r e s u lts  c o n s id e re d  in  th e  f irs t  p a r t  o f th e  c h a p ­
te r  s u g g e s t  th a t  T M Z  c a u se s  r e p ro d u c ib le  a d d i t iv e  c y to to x ic ity  w h e n  c o m b in e d  w i th  
r a d ia t io n ,  re g a rd le s s  o f  th e  r a d ia t io n  ty p e s . T h is  e ffec t is  o n ly  e v id e n t  in  th e  M G M T - 
m e th y la te d  U 8 7  a n d  U 373 ce ll lin e s . In  c o n tra s t ,  T M Z  p r o v id e d  n o  th e ra p e u t ic  e n ­
h a n c e m e n t in  th e  M G M T -u n m e th y la te d  L N 18  a n d  T 98G  ce ll lin e s . T h is  is  c o n s is te n t
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w ith  p r e v io u s  s tu d ie s  w i th  c o n v e n tio n a l X -ray s (C h a lm e rs  e t  a l., 2009; H e rm is s o n  e t  al.,
2006; W e d g e  e t  a l., 1997) a n d  h ig h -L E T  r a d ia t io n  (C o m b s  e t  a l., 2009). I t  is  a lso  p o s s ib le  
th a t  n e w  f ra c tio n a tio n  s c h e d u le s  c o u ld  b e  d e s ig n e d  to  e x p lo it  th e  c h a n g e  in  th e  D N A  
r e p a ir  k in e tic s  w h e n  M G M T -m e th y la te d  ce lls  r e s p o n d  to  h ig h -L E T  ra d ia t io n .
In  te rm s  o f  tu m o u r  c o n tro l fo r  G B M  p a t ie n ts ,  p re d ic ta b le  e ffec ts  s h o u ld  b e  o b s e rv e d  
fo r  th e  c o m b in a t io n  o f  T M Z  w i th  p a r t ic le  th e ra p y , w i th  th e  s ig n if ic a n t p o te n t ia l  b e n e f its  
b e in g  th a t  h ig h -L E T  r a d ia t io n  c o u ld  s p a re  n o r m a l  t is s u e s  a n d  a l lo w  th e  in te g r a t io n  o f 
c o n c o m ita n t  c h e m o th e ra p y  w h ile  in c re a s in g  tu m o u r  ce ll k ill in  h y p o x ic  re g io n s  o f  th e  
tu m o u r .
T h e  s e c o n d  p a r t  o f  th is  c h a p te r  fo c u s se d  o n  th e  P A R P  in h ib i to r  ABT-888. T h is  c o m ­
p o u n d  s h o w e d  e x c e lle n t p h a rm a c o k in e tic  a n d  p h a rm a c o d y n a m ic  p r o p e r t ie s  in  l in e  
w ith  p re v io u s  p re c lin ic a l s tu d ie s  (D o n a w h o  e t  al., 2007). A s  a  s in g le  a g e n t,  s e n s it iv i ty  
to  A BT-888 w a s  p a r t ic u la r ly  p r o n o u n c e d  in  P53 w ild - ty p e  cells . T h e  r e la t io n s h ip  b e ­
tw e e n  P53 a n d  PA R P  re m a in s  u n d e r  in v e s tig a tio n , b u t  m a y  in v o lv e  r e g u la t io n  o f  p 5 3  
a n d  its  p a ra lo g u e s  (W ie ler e t  a l., 2003; V a le n z u e la  e t  a l., 2002).
T h e  r e s u l ts  o b ta in e d  in  th is  s tu d y  a lso  s u g g e s t  th a t  th is  c o m p o u n d  h a s  th e  c lin ic a l 
p o te n t ia l  to  b e  u s e d  in  c o m b in a t io n  w i th  T M Z  a n d  r a d io th e r a p y  fo r  G B M . T h e  c o m b i­
n a t io n  o f A BT-888 a n d  r a d ia t io n  w a s  e ffec tiv e  in  a ll f o u r  ce ll lin es . M o re  im p o r ta n tly ,  
th is  w o rk  s h o w e d  th a t  r a d io s e n s it iz a tio n  is r e p lic a t io n  d e p e n d e n t ,  th u s  d e m o n s tr a t in g  
th a t  th is  e ffec t m ig h t  b e  m o re  p r o n o u n c e d  in  tu m o u r  th a n  n o rm a l  cells . T h is  is  r e l­
e v a n t in  th e  c a se  o f b r a in  tu m o u r s  a s  th e  s u r r o u n d in g  n o r m a l  t is s u e  is  c o m p o s e d  o f 
s lo w ly  p ro lif e ra t in g  cells . In te re s tin g ly , A B T -8 8 8 -m e d ia ted  s e n s it iz a t io n  to  T M Z  w a s  
a lso  r e p o r te d  in  o n e  M G M T -u n m e th y la te d  ce ll lin e , in it ia l ly  re s is ta n t  to  T M Z . T h is  
o b s e rv a tio n  su g g e s ts  th a t  th e  M G M T  m é th y la t io n  s ta tu s  is  n o t  a n  a b s o lu te  p r e d ic to r  
o f  r e s p o n s e  to  A BT-888, T M Z  a n d  X -ray  c o m b in a tio n . H o w ev er, w h e th e r  r e s p o n s e  to  
t r e a tm e n t  w i th  P A R P  in h ib i to r s  is  c o r re la te d  w i th  M G M T  e x p re s s io n  is  s ti ll  a  c o n tro ­
v e rs ia l to p ic  in  th e  li te ra tu re . F ina lly , th e  s e n s it iz in g  effec t o f  A BT-888 m a y  in v o lv e  
o th e r  ce ll d e a th  p a th w a y s  d is t in c t  f ro m  a p o p to s is ,  s u c h  a s  a u to p h a g y  a n d  se n e sc e n c e  
(A lb e r t e t  a l., 2007; B a rre to -A n d ra d e  e t  al., 2011; E fim o v a  e t a l., 2010).
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U n til  n e w e r  a n d  b e t te r  tr e a tm e n ts  b e c o m e  av a ila b le , r a d io th e r a p y  w i th  c o n c o m ita n t  
a n d  a d ju v a n t  T M Z  re m a in s  th e  s ta n d a r d  o f c a re  in  p a t ie n ts  w i th  G B M . A l th o u g h  th e  
ro le  o f  T M Z  h a s  b e e n  e x te n s iv e ly  s tu d ie d  in  th e  p a s t  tw o  d e c a d e s , th e  n a tu r e  o f th e  
in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  is  s ti ll u n c le a r. T h is  w o rk  g iv e s  v a lu a b le  in ­
s ig h t  a n d  a t te m p ts  to  e x p la in  th e  e ffec ts  o f  T M Z  o n  r a d ia t io n  r e s p o n s e  b o th  in  vivo , 
v ia  a  m a th e m a tic a l  m o d e l,  a n d  in  vitro , th r o u g h  a  se r ie s  o f  c o m b in e d  e x p e r im e n ts .  
T h e  r e s u l ts  s h o w e d  th a t  th e  r e la t io n s h ip  b e tw e e n  T M Z  a n d  r a d ia t io n  s e n s it iv i ty  is  n o t  
s t r a ig h tfo rw a rd .
A  m a th e m a tic a l  m o d e l,  b a s e d  o n  p o p u la t io n  s ta tis t ic s  o f  su rv iv a l ,  w a s  d e v e lo p e d  to  
s tu d y  th e  e ffec ts  o f  T M Z  in  a d d i t io n  to  ra d io th e ra p y . U s in g  th e  m o d e l,  r a d io b io lo g ic a l 
in f o rm a tio n  w e re  e x tra c te d  f ro m  th e  c lin ic a l p a t ie n t  s u rv iv a l  d a ta  o f  th e  E O R T C -N C IC  
s tu d y . T h e  r e s u l ts  s u g g e s t  th a t  T M Z  e n h a n c e s  r a d ia t io n  r e s p o n s e  m o s t ly  w h e n  a d m in ­
is te re d  c o n c u rre n tly . T h e re fo re , th e  m o d e l  s u g g e s ts  th a t  th e  a c tiv i ty  o f  a d ju v a n t  T M Z  
a s  a  s in g le  a g e n t  s e e m s  to  h a v e  a  m o re  m a rg in a l  th e ra p e u t ic  b e n e f it  c o m p a r e d  w i th  th e  
c o n c u r re n t  p h a s e .  T h e  m o d e l a lso  e s t im a te d  th e  a v e ra g e  in  v ivo  v a lu e  o f  th e  s u r v iv in g  
f ra c tio n  a f te r  2 G y  a n d  th e  a /  (3 r a t io  fo r  a  p o p u la t io n  o f  G B M  cells . T h e  e ffec ts  o f  T M Z  
o n  th e  tu m o u r  r a d io s e n s it iv i ty  w e re  a lso  e s ta b l is h e d . T h e  m o d e l  s h o w e d  th a t  T M Z  
in f lu e n c e s  o n ly  s lig h tly  th e  d is t r ib u t io n  o f  th e  ot p a r a m e te r  o f  th e  L Q  m o d e l,  w h e r e a s  
i t  a ffec ts  s u b s ta n t ia l ly  th e  |3 p a r a m e te r  d is t r ib u t io n .
I n  o r d e r  to  v a l id a te  a n d  c o m p le m e n t th e  m o d e l  p r e d ic t io n ,  th e  in te ra c t io n  b e tw e e n  
T M Z  a n d  r a d ia t io n  w a s  f u r th e r  in v e s tig a te d  in  G B M  cells . T h e  d a ta ,  b a s e d  o n  f o u r  
G B M  ce ll l in e s , in d ic a te  th a t  th e  e ffec ts  o f  T M Z  a n d  r a d ia t io n  a re  a d d i t iv e  a n d  in d e ­
p e n d e n t .  T M Z  a d m in is t ra t io n  in c re a s e d  ce ll k i ll in g  in  th e  M G M T -m e th y la te d  ce ll lin e s .
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In  c o n tra s t ,  T M Z  h a d  n o  effec t o n  th e  M G M T -u n m e th y la te d  ce ll lin e s . T h is  is  a lso  
re f le c te d  b y  th e  o b s e rv a tio n  th a t  th e  a  a n d  (3 p a r a m e te r s  o f th e  L Q  m o d e l  w e re  v e ry  
s im ila r  fo r  a ll t r e a tm e n t  c o m b in a tio n s . In  te rm s  o f  D N A  d a m a g e  a n d  re p a ir ,  th e  r e ­
s u lts  s h o w e d  th a t  th e  e x p re s s io n  o f  y -H z A X  foci a t  24  h  a f te r  t r e a tm e n t  w i th  T M Z  a n d  
r a d ia t io n  w a s  lo w e r  th a n  o r  e q u a l  to  th a t  o f  th e  in d iv id u a l  tr e a tm e n ts ,  th u s  s u g g e s t in g  
in d e p e n d e n t  in d u c t io n  o f D SBs. B a sed  o n  th e s e  f in d in g s , it  m u s t  b e  in fe r r e d  th a t  T M Z  
h a s  a n  a d d i t iv e  e ffec t in  vitro  a n d  th a t  s im p le  p o p u la t io n - b a s e d  m o d e l l in g  a p p ro a c h e s  
m ig h t  b e  in a d e q u a te  in  p r e d ic t in g  T M Z  re sp o n se .
M o re o v e r  in  th is  s tu d y , a n  e ffo rt w a s  m a d e  to  a s se ss  if  T M Z  in f lu e n c e s  ce ll r e s p o n s e  
to  p a r t ic le  th e ra p y . T h e  re s u lts  s u g g e s t  th a t  th e  r a d ia t io n  q u a l i ty  d o e s  n o t  a ffec t th e  
n a tu r e  o f th e  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n .  C lo n o g e n ic  s u r v iv a l  s h o w e d  
th a t  T M Z  c a u se s  re p ro d u c ib le  a d d i t iv e  c y to to x ic ity  w h e n  c o m b in e d  w i th  p r o to n s  a n d  
a lp h a  p a r tic le s . S im ila r ly  to  th e  X -ray  e x p e r im e n ts , T M Z  a d d i t io n  d id  n o t  s ig n if ic a n tly  
in c re a se  th e  n u m b e r  o f r e s id u a l  y -H 2 A X  fo c i 24  h  a f te r  c o m b in e d  t r e a tm e n t.  H o w e v e r , 
w h ile  th e  k in e tic s  o f fo c i d is a p p e a ra n c e  a f te r  X -ray  a n d  p r o to n  i r r a d ia t io n  fo llo w e d  
s im ila r  t im e  c o u rse s , th e  lo ss  o f y -H 2 A X  foci fo llo w in g  a lp h a  p a r t ic le  i r r a d ia t io n  o c­
c u r r e d  a t  a  s lo w e r  r a te  th a n  th a t  b y  lo w -L E T  ra d ia t io n .  I t  is  th e re fo re  p o s s ib le  th a t  n e w  
f ra c tio n a tio n  s c h e d u le s  c o u ld  b e  d e s ig n e d  to  e x p lo it  th is  c h a n g e  in  th e  D N A  r e p a ir  
k in e tic s .
T h is  s tu d y  a lso  u n d e r l in e s  th e  p o te n t ia l  fo r  u s in g  n e w  ra d io th e r a p e u tic  te c h n o lo g ie s , 
s u c h  a s  p a r t ic le  th e ra p y , to  d e l iv e r  h ig h ly  c o n fo rm a i r a d ia t io n  d o se s  in  c o m b in a t io n  
w i th  T M Z  c h e m o th e ra p y . T h is  a l lo w s  m in im is in g  to x ic ity  a s so c ia te d  w i th  i r r a d ia t in g  
C N S  s tru c tu re s  w h ile  in c re a s in g  tu m o u r  ce ll k ill in  h y p o x ic  re g io n s  o f  th e  tu m o u r .  
H o w e v e r, m o re  c lin ic a l e v id e n c e  is  r e q u ir e d  to  d r a w  f irm  c o n c lu s io n s  o n  th e  e ffe c tiv e ­
n e s s  o f  th is  tr e a tm e n t  a p p ro a c h . T h is  w ill  r e q u ir e  w e ll d e s ig n e d , la rg e  s iz e  c lin ic a l 
tr ia ls ; th e  c o n s tru c tio n  o f  n e w  p a r t ic le  th e ra p y  c e n tre s  in  E u ro p e  (fo r e x a m p le , th e  n e w  
fac ilitie s  in  H e id e lb e rg , M a rb u rg ,  P a v ia  a n d  V ie n n a  a s  w e ll a s  th e  th re e  p la n n e d  c e n tre s  
in  th e  U K ) s h o u ld  o ffe r  th e  o p p o r tu n i ty  to  m o v e  th is  re s e a rc h  fo rw a rd .
To f u r th e r  im p ro v e  th e  e ffec tiv e n ess  o f  b o th  T M Z  a n d  r a d ia t io n ,  a d d i t io n a l  m o le c u ­
la r  p a th w a y s ,  u n d e r ly in g  tr e a tm e n t  re s is ta n c e , n e e d  to  b e  ta rg e te d . T h e  c u r r e n t  s tu d y  
fo c u s s e d  o n  P A R P  in h ib i t io n  a s  a  w a y  to  in te r fe re  w i th  th e  D N A  r e p a ir  p ro c e s s  o f  le ­
s io n s  a r is in g  f ro m  b o th  T M Z  a n d  r a d ia t io n .  A BT-888, a  n o v e l p o te n t  P A R P  in h ib i to r  
c a p a b le  o f  p e n e tr a t in g  th e  BBB, w a s  te s te d  in  G B M  cell lin e s . P A R P  a c tiv i ty  w a s  in h ib ­
i te d  b y  d r u g  c o n c e n tra tio n s  a s  lo w  a s  5 p M  a n d  ABT-888 p ro v e d  to  b e  n o n - to x ic  fo r  
a n  e x p o s u re  tim e  o f 5 h . T h e  r e s u l ts  d e m o n s tr a te d  th a t  A BT-888 e n h a n c e s  r a d ia t io n  
ce ll k ill in g  w i th  SER  v a lu e s  r a n g in g  f ro m  1.1 to  1.37. Im p o rta n tly , th e  d a ta  in d ic a te
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th a t  th e  ra d io s e n s i t iz in g  effec t o f ABT-888 is  re p lic a t io n  d e p e n d e n t  a n d  th e re fo re  t u ­
m o u r  specific . I n d e e d ,  u n l ik e  fa s t p ro lif e ra tin g  G B M , th e  a d u l t  b r a in  is  c o m p o s e d  o f 
n o n - d iv id in g  ce lls  (C h a lm e rs , 2011).
T h is  s tu d y  a lso  r e p o r ts  th a t  A BT-888 s ig n if ic a n tly  in c re a se s  th e  s e n s it iv i ty  to  T M Z  
in  th e  M G M T -m e th y la te d  ce ll lin e s . I n te r e s t in g ly  o n e  M G M T -u n m e th y la te d  ce ll lin e  
e x h ib ite d  a  c h e m o -s e n s itiz in g  effec t a f te r  c o m b in e d  tr im o d a l  t r e a tm e n t  w i th  A BT-888,
T M Z  a n d  r a d ia t io n .  T h is  o b s e rv a tio n  su g g e s ts  th a t  th e  c h e m o -e n h a n c e m e n t b y  ABT- 
888 is  n o t  n e c e s s a r ily  p r e d ic te d  b y  M G M T  p ro m o te r  m é th y la tio n . To u n d e r s ta n d  th e  
u n d e r ly in g  m e c h a n is m s  o f  th e  c h e m o -  a n d  ra d io -s e n s it iz a t io n , th e  re la tiv e  c o n tr ib u tio n  
o f  A BT-888 o n  th e  a p o p to tic  r e s p o n s e  to  T M Z  a n d  r a d ia t io n  w a s  a lso  in v e s tig a te d . T h e  
re s u lts  s u g g e s t  th a t  A BT-888 h a s  o n ly  a  m o d e s t  e ffec t o n  a p o p to s is .  T ak e n  to g e th e r , 
th e s e  d a ta  p ro v id e  e v id e n c e  to  s u p p o r t  th e  e fficacy  o f  c o m b in in g  A B T-888 w i th  T M Z  
a n d  ra d io th e ra p y , a n d  m a k e  th is  a g e n t  a t tra c tiv e  fo r  c lin ic a l d e v e lo p m e n t in  p a t ie n ts  
w i th  G B M .
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T h e  in te ra c t io n  b e tw e e n  T M Z  a n d  r a d ia t io n  c e r ta in ly  m e r i ts  f u r th e r  in v e s tig a tio n  w i th  
p a r t ic u la r  a t te n t io n  a p p l ie d  to  th e  in  vivo  e ffec ts. I t  s h o u ld  b e  n o te d  th a t  th e  o u tc o m e  
o f  th e  m o d e l  s tr ic tly  d e p e n d s  o n  th e  v a l id ity  o f th e  a s s u m p tio n s  r e q u ir e d  w i th in  th e  
m o d e l  itse lf . A s  e x p la in e d  in  S u b se c tio n  6.2.5, th e re  a re  se v e ra l s ig n if ic a n t a sp e c ts  
th a t  n e e d  to  b e  a d d e d  in to  th e  m o d e l.  T h e se  in c lu d e : f irs t, th e  in te g ra t io n  in to  th e  
m o d e l  o f th e  M G M T  p r o m o te r  m é th y la t io n  s ta tu s ;  a n d  s e c o n d , th e  d e p e n d e n c e  o f  th e  
c h e m o -s u rv iv a l f ra c tio n  a n d  th e  g ro w th  r a te  o f th e  tu m o u r  o n  T M Z  d o s e  a n d  d o s e  
d en s ity . T h e se  a s s u m p tio n s  w o u ld  n e e d  to  c h a n g e  to  s u b s e q u e n tly  te s t  d if fe re n t  d o s e ­
tim e  c h e m o th e ra p y  sc h e d u le s .
A n o th e r  a re a  th a t  n e e d s  to  b e  c o v e re d  in  th e  n e a r  f u tu r e  is  a  fu ll  e r ro r  a n a ly s is  o f  th e  
p a r a m e te r  e s tim a te s . T h e  c u r r e n t  m o d e l is  b a s e d  o n  M o n te  C a rlo  m e th o d ,  th e re fo re , 
th e  m o d e l  p a r a m e te r  v a lu e s  a re  a ffe c te d  b y  a  c e r ta in  d e g re e  o f  r a n d o m n e s s  w h ic h  c a n  
b e  d e c re a s e d  b y  in c re a s in g  th e  p o p u la t io n  s iz e  a n d  th e  n u m b e r  o f  i te ra tio n s .
A lth o u g h  th e  r e s u lts  a c h ie v e d  in  th is  s tu d y  w i th  A BT-888 a re  p r o m is in g ,  m u c h  r e ­
m a in s  to  b e  u n d e r s to o d  to  ac h ie v e  th e  fu ll  p o te n t ia l  o f  P A R P  in h ib i tio n . T h e re  a re  
a  n u m b e r  o f  im p o r ta n t  a s p e c ts  th a t  n e e d  to  b e  c la r if ie d , so m e  o f th o s e  re la te  to  th e  
b io lo g y  o f  P A R P  itse lf.
7-2  R E C O M M E N D A T IO N S  FOR FUTURE R E SE A R C H  I I 3
T h e  ro le  o f P A R P  in  th e  D N A  d a m a g e  re s p o n s e ,  in  p a r t ic u la r  th e  r e p a ir  o f D SB s, 
r e q u ir e s  f u r th e r  in v e s tig a tio n . T h e re  is  e v id e n c e  th a t  P A R P  is  a lso  in v o lv e d  in  th e  H R  
a n d  N H E J m a c h in e ry ;  h o w ev e r, P A R P 's  fu n c tio n  w i th in  th e s e  D N A  r e p a i r  p a th w a y s  
h a s  n o t  b e e n  e s ta b l is h e d . I t  w o u ld  b e  o f  in te re s t  to  in v e s tig a te  th e  c o m b in a t io n  o f  A BT- 
888 w i th  p a r t ic le  th e ra p y  a s  i t  is  w e ll k n o w n  th a t  h ig h -L E T  r a d ia t io n  g e n e ra te s  c o m p le x  
c lu s te re d  D N A  le s io n s , w h ic h  re q u ir e  th e  in te rv e n t io n  o f se v e ra l n u c le a r  p ro c e s s e s  
(D u ra n te  e t  a l., 2010).
A d d it io n a l  s tu d ie s  a re  a lso  r e q u ir e d  to  d e te r m in e  th e  ro le  o f  P A R P  in  a p o p to s is .  
A l th o u g h  P A R P  in a c tiv a tio n  s h o u ld  fa c ilita te  a p o p to s is  b y  p r e v e n tin g  d e p le t io n  o f  
N A D +  a n d  ATP, th e  r e s u l ts  o f th is  s tu d y  s h o w  o n ly  a  m o d e s t  e ffec t o f  A B T-888 o n  
th e  a p o p to tic  r e s p o n s e  a f te r  t r e a tm e n t  w i th  T M Z  a n d  ra d ia t io n .  P A R P  m ig h t  b e  in ­
v o lv e d  in  o th e r  ce ll d e a th  p a th w a y s ,  su c h  a s  a u to p h a g y  a n d  se n e sc e n c e  (A lb e r t e t  a l.,
2007; E fim o v a  e t  a l., 2010), a n d  th is  s h o u ld  b e  in v e s tig a te d .
L ittle  is  k n o w n  a b o u t  th e  r e la t io n s h ip  b e tw e e n  P A R P  a n d  p5 3  a n d  h o w  th is  c o n ­
t r ib u te s  to  th e  r e s p o n s e  o f P A R P  in h ib ito rs .  A  n u m b e r  o f s tu d ie s  h a v e  r e p o r te d  e v ­
id e n c e  o f a n  in te r p la y  b e tw e e n  P A R P  a n d  P 53. P A R P  h a s  b e e n  p r o p o s e d  to  b e  r e ­
sp o n s ib le  fo r  b in d in g  a n d  a c tiv a tin g  p53  b y  p o ly (A D P -r ib o s y la tio n ) ; h o w e v e r, th e  c o n ­
s e q u e n c e s  o f  th is  in te ra c t io n  a re  s till n o t  c le a r  (V a le n zu e la  e t  a l., 2002; W ie le r  e t  a l.,
2003).
F in a lly , M G M T  p r o m o te r  m é th y la t io n  s ta tu s  is  a s so c ia te d  w i th  T M Z  se n s itiv ity . I t  
w ill  b e  im p o r ta n t  to  d e te rm in e  w h e th e r  A BT-888 c a n  se n s itis e  th e  M G M T -u n m e th y la te d  
ce lls  to  th e  a n t i tu m o u r  e ffec ts  o f  T M Z . F u tu re  s tu d ie s  w i th  P A R P  in h ib i to r s  u s e d  in  
c o m b in a t io n  w i th  T M Z  s h o u ld ,  w h e n e v e r  p o s s ib le , b e  v a l id a te d  u s in g  th e  M G M T  s ta ­
tu s  to  c o n f irm  th a t  th e  c h e m o -se n s itiz in g  effec t is  in d e p e n d e n t  o f  M G M T  ac tiv ity .
In  s u m m a ry , a l th o u g h  se v e ra l q u e s tio n s  r e m a in  to  b e  a n s w e re d ,  th e  f in d in g s  o f  th is  
re s e a rc h  in d ic a te  th a t  th e  u s e  o f  p a r t ic le  th e ra p y  a n d  P A R P  in h ib i to r s  a re  p a r t ic u la r ly  
p r o m is in g  a n d ,  if  p r o p e r ly  a d m in is te re d ,  m ig h t  im p ro v e  th e  t r e a tm e n t  o u tc o m e  in  
p a t ie n ts  w i th  G B M . O n g o in g  a n d  f u tu re  c lin ic a l tr ia ls  a re  n e c e s s a ry  to  v a l id a te  th e s e  
p re d ic tio n s .
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A P P E N D I X  A
A . l  P R O P A G A T IO N  OF U N C E R T A IN T Y  A N D  RBE ERR OR E S T IM A T IO N
RBE is  b a s e d  o n  a  c o m b in a t io n  o f v a r ia b le s . T h e se  v a r ia b le s  h a v e  u n c e r ta in t ie s  d u e  
to  m e a s u r e m e n t  l im ita t io n s  (e.g . c lo n o g e n ic  su rv iv a l)  w h ic h  p r o p a g a te  th r o u g h  th e ir  
c o m b in a t io n  in  th e  RBE u n c e r ta in ty  v a lu e .
A s  d is c u s s e d  in  S u b se c tio n  3 .3.3, th e  r a d ia t io n  effec t o n  ce ll s u rv iv a l  c a n  b e  e x p re s s e d  
w i th in  th e  L Q  m o d e l  a lso  a s  — In(SF) =  a d +  (3d^ w h e r e  d  is  th e  d o s e  p e r  f ra c tio n  (G y),
w h ile  a  (G y ~ ^ ) a n d  (3 (G y “ ^) a re  th e  l in e a r  a n d  q u a d r a t ic  c o m p o n e n ts , re sp e c tiv e ly .
T h u s , a t  10%  s u rv iv a l  w e  h a v e  — In(O .l) =  a d +  |3d^ a n d  r e - a r ra n g in g  g iv e s  th e  fo llo w ­
in g  q u a d r a t ic  fo rm
(3d^ 4 - a d - f - ln (O .l)  =  0 (A .i)
W h e re  d  r e p re s e n ts  th e  v a r ia b le , a n d  (3, a  a n d  ln ( 0.1 ) a re  c o n s ta n ts .  T h e  re la tiv e  ro o ts  
o f  th e  q u a d r a t ic  e q u a t io n  a re
d,,, =  -«±V<x^^-4pin(0.1) (A .)
In  th e  ab o v e  fo rm u la ,  w e  c a n  re -d e f in e  th e  fo llo w in g  te rm s  a n d  c o r r e s p o n d in g  v a r i­
a n c e s , a s s u m in g  th a t  th e  v a r ia b le s  a re  u n c o r re la te d ,  a s
A  =  4 (31n ( 0 .1) o-A =  (41n ( 0 .1) )2 o-2
B =  od =2(o-cc/cx)^
C =  B - A
D  =  V C o ' d / D  =  c7c / 2 C
E =  D  — cx O’!  =  +  o'd
F =  E/(3 (o-p/F)^ =  ( o'e / E ) ^  +  ( o p / p )
G =  F/ 2 O c  =  Op/ 4
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w h e r e  O a a n d  u p  a re  th e  s ta n d a r d  d e v ia tio n s  o f  th e  a  a n d  p c o m p o n e n ts ,  re s p e c ­
tiv e ly ; (Tq r e p re s e n ts  th e  v a r ia n c e  o f  d o s e  d . T h e  v a r ia n c e  o f  R B E io  is  th e n  g iv e n
b r  2 2 2
R B Eio /  V d re f  /  \  d te s t  /
F re q u e n tly  w i th  h ig h -L E T  r a d ia t io n ,  th e  u p / P  r a t io  te n d s  to  in f in ity  a s  th e  P te rm  
a p p ro a c h e s  z e ro . In  th is  ca se  th e  L Q  m o d e l c a n  b e  e x p re s s e d  a s  SF =  ex p  (—a d )  a n d  
th e re fo re  d  =  — ln ( 0 .1) / a .  T h e  a s so c ia te d  d o s e  s ta n d a r d  d e v ia tio n  is  th e n  f o u n d  to  b e
(Td =  d - ^  (A.4)
F o r  RBEcx, th e  v a r ia n c e  c a n  b e  e x p re s s e d  a s  fo llo w s
^ R B E o c   f  ^OCTef\ I ^^CXtest'\
RBe J  - ( « r e f j
A t  th e  s u rv iv a l  lev e l a f te r  3 G yE  w e  h a v e  — In(SF) =  o 3 -F p 9, th u s  th e  v a r ia n c e  o f 
RBE3 GyE is  th e n  f o u n d  to  b e
w h e re
aRBE. 3vEy  ^  GVB \ \  . . . . . V
R b t s G y E /  \ i > r 3 G y E r e f /  \ b l - 3  G y E  t e s t  /
\ 2
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A B S T R A C T
Glioblastoma is the most frequent and malignant brain tumour. For many years, the conventional 
treatment has been maximal surgical resection followed by radiotherapy (RT), with a median survival 
time of less than 10 months. Previously, the use of adjuvant chemotherapy (given after RT) has failed to 
demonstrate a statistically significant survival advantage. Recently, a randomized phase 111 trial has 
confirmed the benefit of temozolomide (TMZ) and has defined a new standard of care for the treatment 
of patients with high-grade brain tumours. The results showed an increase of 2.5 months in median 
survival, and 16.1% in 2 year survival, for patients receiving RT with TMZ compared with RT alone. It is 
not clear whether the major benefit of TMZ comes from either concomitant administration of TMZ with 
RT, or from six cycles of adjuvant TMZ, or both.
The objectives were to develop our original model, which addressed survival after RT, to construct a 
new module to assess the potential role of TMZ from clinical data, and to explore its synergistic 
contribution in addition to radiation. The model has been extended to include radiobiological 
parameters. The addition of the linear quadratic equation to describe cellular response to treatment has 
enabled us to quantify the effects of radiation and TMZ in radiobiological terms.
The results indicate that the model achieves an excellent fit to the clinical data, with the assumption 
that TMZ given concomitantly with RT synergistically increases radiosensitivity. The alternative, that 
the effect of TMZ is due only to direct cell killing, does not fit the clinical data so well. The addition of 
concomitant TMZ appears to change the radiobiological parameters. This aspect of our results suggests 
possible treatment developments.
Our observations need further evaluations in real clinical trials, may suggest treatment strategies for 
new trials, and inform their design.
© 2009 Elsevier Ltd. All rights reserved.
1. Introduction
High grade gliomas are the commonest form of primary brain 
tumours. Glioblastoma (GEM), the major and most aggressive 
type of glioma, has a poor prognosis, with a median survival until 
recently ranging between 9 and 12 months (DeAngelis, 2001; 
Kleihues and Cavanee, 2000). Although primary tumours of the 
central nervous system (CNS) tumours account for only 2% of all 
primary tumours, about 4500 p e r  a n n u m  in the UK, they are 
responsible for more loss of life per patient than any other adult
* Corresponding author. Tel.: +441483689116; fax: +441483 686581.
E-mail addresses: l.barazzuoI®surrey.ac.uk (L Barazzuol), ngb21 ©cam.ac.uk 
(N.G. Burnet), raj.jena@addenbrookes.nhs.uk (R. jena), bieddyn.jones@rob.ox.ac.uk 
(B. Jones), sarah.jefferies@addenbrookes.nhs.uk (S.j. Jefferies), 
n.kirkby@surrey.ac.uk (N.F. Kirkby).
cancer, at just over 20 years per patient (Burnet et al., 2005), 
because largely of glioblastoma.
Radiotherapy is a valuable post-operative treatment, with dose 
an important determinant of tumour control (Larson and Wara, 
1998; Walker et al., 1979; Werko et al., 1996). However, little had 
changed in the treatment of this disease for the past 40 years until 
recently. Studies of combined radiotherapy and chemotherapy 
performed in the 1970-1990s using nitrosourea-based che­
motherapy given after radiotherapy showed equivocal results. 
These chemotherapy regimens had only modest efficacy at best 
and appreciable toxicity; some studies showed no benefit (MRC 
Brain Tumour Working Party, 2001 ).
Stupp et al. (2005) reported the early outcome of an 
international multi-centre randomised phase 111 trial conducted 
by the European Organisation for Research and Treatment of 
Cancer (EGRTC) and the National Cancer Institute of Canada
0022-5193/$-see front matter © 2009 Elsevier Ltd. All rights reserved. 
doi:10.1016/j.jtbi.2009.10.021
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Nomenclature
L a t in  l e t t e r s
BED biologically effective dose, G y„ /i}
C(t) number of cancer cells in the brain, cells
Co number of cancer cells in the brain at presentation,
cells
d  dose per fraction of radiotherapy, Gy
D total dose of radiotherapy, Gy
E radiation effect, dimensionless
i number of doses of chemotherapy, dimensionless
j  number of fractions of radiotherapy, dimensionless
k c  rate constant for cancer cell growth, days“ ^
k„  rate constant for normal cell damage, c e l l s d a y s " ’
k s  normalization constant of the survival fraction dis­
tribution, dimensionless 
m shape parameter of the survival fraction distribution,
dimensionless
n, shape parameter of the survival fraction distribution,
dimensionless 
N(t) number of normal cells in the brain, cells
Merit critical number of normal cells required for patient to
remain alive, cells 
N o  number of normal cells left at presentation, cells
t  time, days
t o  tumour doubling time, days
tdeiay delay to start the treatment, days
tregrowth tumout regtowth time, days
tsurv overall survival time from presentation, days
Xchemo cancer cell survival fraction in response to one
fraction of chemotherapy, dimensionless 
X s - X r t  cancer cell survival fraction in response to one
fraction of radiotherapy, dimensionless
G r e e k  l e t t e r s
a  linear component of the linear-quadratic model, Gy"’
quadratic component of the linear-quadratic model, 
Gy""
a/j8 dose at which cell killing by the linear and quadratic
components are equal, Gy
(NCIC) Clinical Trials Group (trial 26981-22981/CE.3). This trial 
involved 573 patients with newly diagnosed GBM that randomly 
received either radiotherapy only or the same radiotherapy plus 
concomitant temozolomide (TMZ), followed by six cycles of 
adjuvant TMZ. The outcome of this study demonstrated a 
statistically significant and clinically meaningful survival benefit 
in the addition of TMZ. The median survival was 12.1 months with 
radiotherapy alone and 14.6 months with radiotherapy plus TMZ, 
a gain of 2.5 months. More importantly, the two-year survival rate 
was 10.4% in patients treated with radiotherapy alone and 26.5% 
in patients assigned to radiotherapy plus TMZ. This result 
translates into a reduction in the risk of death of 37% for patients 
treated with radiotherapy plus TMZ, as compared with those who 
received radiotherapy alone (Stupp et al., 2005). This has been 
corroborated in a separate, smaller randomised phase 11 study 
(Athanassiou et al., 2005). However, patients continue to die after 
this point, and the 5-year survival rates of the EORTC-NCIC trial 
were 1.9% with radiotherapy alone and 9.8% for those treated with 
radiotherapy plus TMZ (Stupp et al., 2009).
TMZ is an oral alkylating agent, first synthesized in 1984 
(Stevens et al., 1984) and approved in 1999 by the Food and Drug 
Administration (FDA) for the treatment of progressive or recurrent 
GBM. Preclinical studies established that TMZ crosses the blood- 
brain barrier (BBB) and is spontaneously converted to its active 
metabolite 5-(3-methyltriazen-l-yl)imidazole-4 carboximide 
(MTIC) within the tumour cells. This metabolite is responsible 
for the interruption of DNA replication by méthylation of the 0® 
position on guanine. The 0® methylguanine produced by TMZ, is 
incorrectly paired with thymine during subsequent rounds of 
replication, inducing cell death (Stevens et al„ 1987). Its clinical 
use was developed during the 1990s (Newlands et al., 1997); 
direct cytotoxic effects were observed in patients with relapsed 
disease (Newlands et al., 1996).
The EORTC-NCIC trial used concomitant radiotherapy and 
chemotherapy, followed by six months of chemotherapy alone 
(adjuvant chemotherapy). This combined treatment demon­
strated a statistically significant and clinically important im­
provement in survival. Although toxic effects and disease 
progression were reported during the adjuvant period, the 
reported survival advantage has been the first major advance for 
half a century.
There is a debate amongst clinicians as to whether the major 
benefit of TMZ comes from its effects with concurrent radio­
therapy, or due to the six cycles of adjuvant treatment, or both 
(Nieder et al„ 2009; Stupp et al., 2009; Villano et al., 2009). It is 
perhaps relevant that only 78% of the TMZ-treated group started 
the adjuvant component of the chemotherapy following radio­
therapy, and only 47% of patients completed 6  cycles, the main 
reason for which being disease progression. This major clinical 
advance was therefore made without the benefit of adjuvant TMZ 
in many of the patients.
Given the clear efficacy of the combined treatment, including 
its adjuvant phase, it might now be difficult to perform a study 
comparing the effects of TMZ given during radiotherapy alone, 
with TMZ given only in the adjuvant setting, or with the 
concomitant and adjuvant schedule. Thus mathematical model­
ling is suggested as a means whereby the potential interaction 
between TMZ and radiation can be explored. The identification of 
the real role of TMZ could then be employed to design 
future clinical trials using optimised combinations of treatments.
In this paper, after a short review of some recent studies that 
specifically attempt to describe high-grade brain tumour response 
to radiotherapy and chemotherapy, we briefly present the 
development of our previous mathematical model. This model 
was developed to extract biological information from clinical 
data of patients with GBM treated with radiotherapy alone, to 
demonstrate the adverse effect of delays in starting radiotherapy 
and to evaluate the potential value for radiotherapy dose 
escalation (Burnet et al., 2006; Kirkby, 2007; Kirkby et al., 2007).
In the present work, we first incorporated in the model the 
effects of chemotherapy to study the direct anti-tumour activity of 
TMZ. The interaction between TMZ and radiotherapy is likely 
to be due to a combination of mechanisms that include several 
biological pathways. In this paper we focus mainly on two 
extreme scenarios: Scenario 1, TMZ as a radiosensitizer, and 
Scenario 2, TMZ as a cytotoxic drug, independent of radio­
therapy. The radiosensitization depends mainly on the potential of 
TMZ to sensitize tumour cells to radiotherapy, essentially 
decreasing the cell survival fraction in response to a single 
exposure of radiation. In contrast, for independent cytotoxicity, 
we mean that TMZ alone causes independent cell kill regardless of 
the radiation.
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Another key aspect of this study is the incorporation of the 
linear quadratic (LQ) equation (Hall and Giaccia, 2006), in order to 
estimate the i n  v i v o  alpha-beta ratio of GBM tumour cells and the 
equivalent effect of TMZ in biologically effective dose (BED) units 
of radiotherapy. The LQ model is the most widely used model in 
radiotherapy (Fowler, 2006). It describes cell survival after 
exposure to ionizing radiation, taking into consideration two 
forms of DNA damage, expressed by the linear and the quadratic 
terms. This extension to our model enables us to quantify the 
variability of the radiosensitivity parameters for both arms of the 
EORTC-NCIC study and in particular the influence of TMZ on GBM 
cell radiosensitivity. This extension has an additional advantage 
because it can be used to test alternative dose fractionation 
schedules.
Finally, we present our preliminary results for both scenarios, 
fitting the model to half of the dataset of the EORTC-NCIC study, to 
identify the main effect of TMZ. In addition, we indirectly validate 
our results by comparing the equivalent radiobiological para­
meters extracted from both arms of the trial with previously 
published studies.
2. Previous studies
There are a limited number of publications about modelling 
radiotherapy combined with chemotherapy in patients with GBM. 
The majority of the previous models have been developed to 
describe the separate effects of radiotherapy and chemotherapy at 
a single patient level.
The first modelling attempt of chemotherapy in glioma dates 
from 1995, when Tracqui et al. (1995) tried to describe the effects 
of chemotherapy on the spatio-temporal growth of the tumour. 
Chemotherapy was assumed to be spatially homogeneous in the 
brain and its effects were mathematically approximated via a 
reaction-diffusion system. The authors finally assessed the model 
using a serial of computed tomography (CT) scans from a patient 
with recurrent astrocytoma treated with two different chemother­
apeutic agents.
Swanson et al. (2002) developed the Traqui model further, 
taking into consideration the brain structure differentiation into 
grey and white matter. They assumed that chemotherapy affected 
mainly those cells within the grey matter, whereas those in the 
white matter were still highly proliferative. This was explained by 
the variability in vascular density throughout the brain, which is 
well known to be higher in the grey matter. The results reported 
could explain the clinical problem of apparent tumour reduction 
in certain areas of the brain (below the detection limit of the 
imaging modalities) with unaffected growth in other regions.
Powathil et al. (2007) have tried to describe the effects of 
radiotherapy and TMZ, and to predict the optimal sequencing of 
their combination. They developed a spatio-temporal mathema­
tical model based on reaction-diffusion equations. Radiotherapy 
was included using the LQ model and a cytotoxic chemotherapy 
effect was integrated via a log-kill model. They tested alternative 
radiotherapy and chemotherapy schedules: radiotherapy dose 
fractionation and combinations of neo-adjuvant (chemotherapy 
given alone prior to radiotherapy), concurrent and adjuvant TMZ. 
The results showed, in the hypothesis of pure TMZ cytotoxicity, 
that neo-adjuvant, then radiotherapy alone followed by adjuvant 
TMZ might be a better protocol than current clinical practice.
More recently, Eikenberry et al. (2009) developed a three- 
dimensional brain model for simulating surgical resection, radio­
therapy and chemotherapy. They examined a clinical case of a 
patient with recurrent high-grade brain tumour who received 
TMZ-chemotherapy after the first resection and compared the 
effects with the model’s prediction. Initial results suggested that
increasing resection margins significantly reduced post-operative 
tumour recurrence. Radiotherapy was predicted to be unsuccess­
ful in hypoxic areas, and the irregular vasculature hampered TMZ 
activity.
To our knowledge, no attempt has been made to formulate a 
mathematical model of a population of patients with GBM treated 
with radiotherapy and chemotherapy. In the following we propose 
an extension of our previous mathematical model that may 
address this issue.
3. Clinical data
A randomly selected half of the data set of the EORTC-NCIC 
trial 26981-22981/CE.3 was kindly released by Thierry Gorlia, 
EGRTC. Clinical data were provided for 287 patients, randomly 
selected from a total of 573 patients who participated in the 
original randomised trial (Stupp et al., 2005). Patients in that 
study had to fulfil rigorous eligibility criteria, and within 6  weeks 
of biopsy or surgical resection were randomly allocated to receive 
radiotherapy alone (143/286 patients), or radiotherapy plus 
concomitant and adjuvant TMZ (144/287 patients). Radiotherapy 
consisted of a dose of 2 Gy per fraction given 5 days per week for 
6  weeks. Concomitant chemotherapy consisted of oral TMZ 
(75 mg/m^ per day), given daily from the first to the last day of 
radiotherapy including weekend days when radiotherapy was not 
given. Adjuvant chemotherapy comprised 6  cycles of TMZ given 
for 5 days every 28 days, with a dose of 150mg/m^ for the first 
cycle, then 200 mg/m^ for 5 subsequent cycles. In the trial, the 
time delay between the first presentation to the oncology unit and 
the commencement of the treatment had a mean of 52.15 days, 
variance 28 days  ^ for the radiotherapy only arm, and a 
mean of 43.4 days, variance 11 days^ for the radiotherapy plus 
TMZ arm.
The survival data in the form of Kaplan-Meier survival curves 
(Kaplan and Meier, 1958) are shown in Fig. 1.
4. Original model
This paper describes extensions of the original brain tumour 
model to include chemotherapy and radiobiology. A detailed 
description of this model is given in Kirkby et al. (2007).
Briefly, the model is based on three main levels. At the first 
level, the single patient is modelled at a cellular scale using 
exponential growth for the tumour cells (C(t)):
C(t) =  Coexp(kct) (1)
where Co is the number of cancer cells in the brain at presentation 
(cells) and k c  is the rate constant for cancer cell growth (days"’). 
The tumour indirectly causes normal cell (N(t)) damage via an 
assumed reaction, N + C ^ ^ C  (Kirkby et al„ 2007). Hence the 
number of normal brain cells with time is given by
N ( t )  =  Noexp ^ - |^ (ex p (k cO  -1 )^ (2)
where N o  is the number of normal brain cells left at presentation 
(cells) and k „  is the rate constant for elimination of normal cells 
(cells"’ days"’). Death occurs when the normal brain cell number 
falls below a critical level (N c rit) that is required for the patient to 
remain alive.
The treatment, which is responsible for the temporary arrest or 
complete destruction of the tumour volume, is represented by
(3)
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Fig. 1. Kaplan-Meier survival plots according to the treatm ent group for half data set of the EORTC-NCIC trial 26981-22981/CE.3.
where tdeiay represents the time delay to commence treatment 5. The chemo-radiotherapy model 
from presentation (days), and represent respectively a
time just after and before the radiation treatment (days), x, is the 
survival fraction after a single exposure of radiation (dimension­
less), and J is the number of fractions of radiotherapy. Two 
assumptions are made in Eq. (3), that all the radiation exposures 
are delivered at the same instant and that all the normal brain 
cells survive the treatment.
At the second level, Monte Carlo simulation is used to generate 
a population of patients for a virtual clinical trial. The model is 
then assessed by comparing the in - s i l i c o  patient survival curve 
with the real clinical trial survival curve.
The main parameters for an individual patient are:
1. the number of normal brain cells at presentation N q,
2 . the tumour doubling time to ,
3. the rate constant for damage to normal cells k ^ ,
4. the delay to start treatment tdeiay,
5. the critical number of normal brain cells needed for the patient 
to remain alive N a ic . and
6 . the surviving fraction of tumour cells after each fraction of 
radiotherapy x,.
The values of these parameters are assumed to be randomly 
distributed, we vary the mean and variance of these distributions 
in order to most closely match the clinical data.
At the third level, the values of the unknown parameters in the 
probability distributions are determined by fitting to the real 
clinical survival data, by a combination of folding polygon and 
simulated annealing techniques (Kirkby et al., 2007).
In addition, the model contains a mathematical representation 
of the patient eligibility criterion which delineates the patient 
target population to be included in a clinical trial. In effect, the 
computer can generate patients whose conditions are too ‘poorly’ 
to be eligible for the radical treatment. The model can estimate 
how long the patient would survive without treatment at the 
moment of presentation and start of the treatment. These values 
are then used as a basis for choosing what type of treatment to 
offer (e.g. radical or palliative treatment). Those patients who are 
already in poor condition and therefore would not benefit from 
radical treatment (where ‘radical’ is intended to mean ‘with 
curative intent’) are directly rejected by the model.
The EORTC-NCIC study described above implies that the study 
of the full sequence and scope of action of TMZ should be given 
high priority. TMZ is given in combination with radiotherapy and 
subsequently as adjuvant therapy. The relative contribution of the 
concomitant and adjuvant chemotherapy needs to be assessed 
before rational application, especially as the EORTC-NCIC trial 
design did not distinguished the relative contribution of the 
concomitant and adjuvant phases. Exploratory modelling may 
improve knowledge of the relative benefit of concomitant and 
adjuvant TMZ.
Both pharmacokinetic and pharmacodynamic aspects of the 
drug’s activity were considered in the model. The short half-life 
(1 .8  h) and rapid absorption (maximum concentration achieved in 
0.9 h) suggested that no modelling of steady-state drug accumu­
lation was necessary (Brada et al„ 1999; Hammond et al., 1999). 
The chemo-pharmocodynamics were assumed to possess similar 
characteristics to those of radiation, such as the concepts of 
tumour cell kill and therapeutic gain (Steel, 2002).
In order to model chemoradiation therapy, we consider two 
different possible scenarios, that TMZ (1) may improve survival 
potentiating the local efficacy of radiotherapy, or (2 ) may have an 
independent effect directly killing the tumour cells.
5.7. S c e n a r io  1: r a d io s e n s i t i z a t i o n
TMZ delivered during radiotherapy could result in survival 
benefit due to TMZ-mediated radiosensitization. In this scenario 
we calculate the radiation enhancement of TMZ on the surviving 
fraction of cancer cells in response to each single exposure of 
radiation. This implies that the TMZ effect is associated with each 
dose of radiation such that a dose of 2 Gy together with the drug 
kills a larger number of cells than a 2 Gy dose of radiation alone.
It is now appropriate to reiterate two important equations. 
Firstly, the treatment model equation (Eq. (3)) is slightly changed 
from the original model. The previous model assumed that 
radiotherapy was applied instantaneously, i.e. all exposures of 
the fractionated course delivered at the same instant of time 
(Kirkby et al., 2007). In the present model we follow more exactly 
the time pattern of delivery of both radiotherapy and chemother­
apy schedules. Secondly, the statistical distribution of the cancer 
cell survival fraction in response to one fraction of radiotherapy
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(Xs) is created. A particular density function was used, derived 
from a normalization of a modified normal distribution (i.e. the 
probability distribution is constrained within the interval 0 - 1 ) as 
follows:
p {X s) =  k sX ^ (1  -Xs)'"exp(asXj) (4)
This distribution depends on three positive, dimensionless, shape 
parameters (n, m  and «^ ) which define the probability density 
function.
The quantification of the chemotherapy effect can be made by 
first fitting the model to radiotherapy only data, letting all the 
parameters of the model vary except for those parameters known 
a  p r i o r i , i.e. the mean and the variance of the delay to start the 
treatment {tdeiay). extracted directly from the clinical data, and the 
mean of critical number of normal cells { N c n t) . the value being 
consistent with previous brain studies. Then the model is refitted 
to the radiotherapy plus TMZ data, keeping constant all the other 
parameters and allowing only the parameters (n, m  and as) 
determining the survival fraction distribution to change.
5.2. S c e n a r io  2 :  i n d e p e n d e n t  c y t o t o x i c i t y
We next suppose that TMZ has a direct effect on the tumour 
and no effect on the radiosensitivity of GBM cells. In order to 
develop this scenario, we add to the original model a chemother­
apy module assuming that the drug kills the cancer cells 
independently.
As described above, the current standard chemotherapy 
consists of a total of 72 doses: 42 doses are administered 
concomitantly with radiotherapy and 30 doses are given during 
the adjuvant treatment. To incorporate the independent cytotoxi­
city of chemotherapy, Eq. (1) is modified as follows:
^^ d^elay) ~ {^^ delay)^ rt^ chemo ( )^
where and represent respectively a time just after and 
before the treatment (days), where Xchemo denotes the survival 
fraction of cancer cells (dimensionless) after a single dose of TMZ, 
X rt is the same as the x, of Eqs. (3) and (4) which describes the 
survival fraction after each 2 Gy fraction of radiotherapy (dimen­
sionless), j  and i indicate respectively the numbers of radiation 
and TMZ exposures (dimensionless). It is assumed that the 
chemo-survival fraction {Xchemo) does not depend on the dose 
intensity in the range of dosage used in the EORTC-NCIC study. 
Statistically, the chemo-survival fraction is treated in the same 
way as the radio-survival fraction (see Eq. (4)). The model, fitted 
previously to the radiotherapy only data, is then refitted to the 
radiotherapy plus TMZ data, where only the parameters deter­
mining the chemo-survival fraction are allowed to change.
guishes the late-responding tissues (a/)S ^ 2 Gy) in brain from the 
early responding tissues (a/)3 ^  10 Gy). For early radiation effects, 
the linear component a dominates at low doses, whereas for late 
effects, the quadratic component P  is also relevant. GBM tumours 
are generally considered to behave like early responding tissues 
(Williams et al, 1985).
Let the total dose be D (Gy); an alternative way of representing 
the LQ. model is given by this expression:
D = E/al+d/(a/jS) (7)
where £ =  — ln(Xrt) =  aD+jSdD. If then £ is divided through by a, 
we obtain the definition of biologically effective dose (BED):
BED = £/a = D (l + 5 ^ ) (8)
BED values are expressed in units of Gray with a subscript that 
denotes the numerical value of the a/)S ratio used; this is used to 
clarify that it is a biological dose rather than a physical dose 
(Fowler, 1989). Conceptually, the BED represents the physical dose 
required for a given effect, if the dose were to be delivered by 
infinitely small doses per fraction or, in the case of continuous 
radiation rates, at a very low dose rate Jones et al„ 2001 ). Note 
that as the dose per fraction, d, becomes very small, the number of 
fractions will then need to be increased to maintain the same 
effect, while £ approximates aD.
The BED has been introduced with the aim of comparing our 
results with other studies. This value is particularly useful in inter- 
and intra-treatment comparisons and in the development of new 
fractionation schemes (Jones et al, 1995). It may also be used to 
assess the relative contribution of chemotherapy Jones and Dale,
2005).
In order to give a radio-biological connotation to the cell 
survival fraction, a fundamental parameter of the main model, we 
replace its analytical expression x% with Eq. (6 ). To allow the 
generation of a population of patients via Monte Carlo simulation 
we assume that a and p  are normally distributed. This assumption 
is consistent with previous studies where these parameters are 
usually assumed to follow a normal distribution Jones and Dale, 
1999). Normally distributed values of a and P  can lead to a skewed 
distribution in X n , consistent with published data (BJork-Eriksson 
et al, 1998). It should be noted that using a normal‘distribution 
we may occasionally generate implausible values of X n- Hence we 
ignore those values greater than one. The number of rejected 
values depends on the number of values generated and the mean 
and variance of a and p . In the following work, the values of a and 
P  used very rarely if ever gave rise to Xrt greater than one.
6. Incorporation of the linear-quadratic model
The principal target for radiation damage is DNA and the best 
description, in the low-dose region (0-3 Gy) which is clinically 
relevant (Hall and Giaccia, 2006), is given by the LQ model:
Xrt =  exp(-ad -  p d ^ )  (6 )
where d is the dose per fraction (Gy), while a (Gy“ )^ and p  (Gy~^) 
are the respective linear and quadratic coefficients for cell kill. 
One simplified interpretation of this equation is that the ad 
component is due to double strand breaks, i.e. a single ionizing 
particle is required, while the j?d^  component arises from single 
strand breaks, i.e. two ionizing particles sufficiently close in time 
and in distance are necessary. The dose at which the contribution 
from the first and second terms are equal is given by o tjp  (Gy), 
generally called the ‘alpha-beta ratio’. This parameter distin-
7. Other changes to the original model
7.1. T u m o u r  d o u b l i n g  t i m e  d i s t r i b u t i o n
As noted above, this model has several adjustable parameters 
which vary according to specific probability density functions. 
Two of these variables involve time, namely, the time delay to 
commence treatment and the tumour doubling time. In the 
original model these parameters were assumed to be normally 
distributed. It is more appropriate to use different probability 
density functions, since realistic time values lie in the interval 
[0, + 00 ]. Thus, in the present model the doubling time can be also 
described either by a gamma distribution, a Weibull distribution, 
or a log-normal distribution.
Computationally, normal variâtes are generated using the Box- 
Muller method, which requires two uniform random variâtes.
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Fig. 2. Kaplan-Meier survival plot for 143 patients treated with radiotherapy only from the EORTC-NCIC trial 26981-22981/CE.3, and the fitted model.
Table 1
Details of values of the variables from the fit to the EORTC-NCIC trial 26981- 
22981/CE.3. Note that between the two arms, radiotherapy alone and radiotherapy 
plus TMZ, only the parameters determining the survival fraction (n, m and a j  are 
allowed to change. For details of the other parameter values see the text.
Radiotherapy alone Radiotherapy+TMZ 
(Scenario 1 )
P P <7^
n ( - ) 9.08 _ 4.28 _
m ( - ) 2.2 - 2.34 -
«S ( - ) 1.13 - 3.19 —
No (cells) 1.48 X 10'^ 5.27 X 10'® 1 .4 8 x 1 0 " 5.27 X 10'®
Ncri, (cells) 1.0 X 10'^ 8 2 7 x 1 0 " 1.0 X 10'^ 8.27 X 10 "
kn ((days cells)"') 3 .3 5 x 1 0 - '^ 2.34 X 10-^® 3.35 X 10-'2 2.34 X 1 0 -“
to (days) 23.88 186.2 23.88 186.2
tC’hciay (days) 52.15 28 43.4 11
“Parameters from clinical series.
whereas these distributions can be simply generated through 
inversion of the relative cumulative density function.
7 .2 . D e f in i t i o n  o f  t h e  t u m o u r  r e g r o w t h  t i m e
The present model can also predict the regrowth time of the 
tumour. The tumour regrowth time is defined as the time taken to 
re-establish the same number of cancer cells as just before the 
commencement of the treatment. Eqs. (1) and (3) determine the 
regrowth process, and it is also assumed that the rate constant for 
cancer cell growth (kc) is the same as that applied before the 
treatment.
When C (tsure) = Q td e ia y ) ' the tumout regrowth time is
^regrowth — (9)
where tdeiay is the time delay before the treatment and tsurv is the 
overall survival (days). The tumour regrowth time is then 
estimated for each single patient and the relative distribution 
among the population of patients is approximated using a 
Gaussian kernel density function. For further statistical analysis 
see Kirkby et al. (2007).
8. Results
8.1. M o d e l  f i t  t o  c l in i c a l  d a ta
As in our previous publications, the model is capable of 
successfully fitting the clinical data of the radiotherapy only arm 
(Fig. 2). The population parameter values, expressed as mean and 
variance, are given in Table 1.
For the assumption of pure radiosensitization (Scenario 1), the 
model fitting achieved in the radiotherapy plus TMZ arm is 
excellent as shown in Fig. 3. The resulting parameter values are 
summarized in Table 1. The closeness of the fit is equally good 
along the entire survival curve. This indicates a close agreement 
between the model and the real data assuming that TMZ increases 
tumour cells radiosensitivity.
For the assumption of independent cytotoxicity (Scenario 2), 
Fig. 4 shows the model fit. The survival curve resulting from fitting 
in Scenario 2 has an important divergence compared with the 
survival curve achieved in Scenario 1. Clearly observable, by visual 
inspection of the survival curves given in Fig. 4, is the presence 
of a substantial overestimation of the model at the level of 
median survival when it is assumed that TMZ anti-tumour 
activity is due only to its cytotoxicity (as represented in Eq. (5)). 
It would be expected that by adding more parameters in the 
model, the fit would be superior in Scenario 2 since the model 
with the higher number of parameters generally provides a better 
objective function. According to the Akaike (AlC) and Schwarz 
(SC) parsimony criteria, and assuming that the model error is 
normally and independently distributed. Scenario 1 is superior: in 
Scenario 1 A1C=6.21 and SC=6.56 versus A1C=6.36 and SC=6.71 
for Scenario 2 (Akaike, 1974; Schwarz, 1978).
8 .2 . D i s t r ib u t io n  o f  t h e  s u r v i v a l  f r a c t i o n
In Scenario 1, the comparison of the survival fraction distribu­
tion after a single fraction of radiotherapy shows a change in the 
shape attributable to the radiosensitizing effect of TMZ (Fig. 5). 
The distribution of the pure radiation effect has a mean survival 
fraction of 0.77 and a standard deviation of 0.11, while the 
distribution of the combined treatment has a mean value of 0 .6 8  
and a standard deviation of 0.14. The addition of TMZ causes a 
reduction of 12% in the mean value and an increase of 27% in
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Fig. 3. Kaplan-Meier survival plot for 144 patients treated with radiotherapy plus TMZ from the EORTC-NCIC trial 26981-22981/CE.3, and the fitted model assuming pure 
radiosensitization by TMZ. Note that only the parameters determining the survival fraction after one dose of radiotherapy are allowed to change.
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Fig. 4. Kaplan-Meier survival plot for 144 patients treated with radiotherapy plus TMZ from the EORTC-NCIC trial 26981-22981/CE.3, and the fitted model using the 
chemotherapy module. This assumes that the effect of TMZ is entirely due to direct cytotoxicity which is independent of radiotherapy.
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Fig. 5. Comparison of the probability distributions of survival fraction, after a single 2 Gy fraction of radiotherapy, after fitting the model separately to the radiotherapy only 
data and the radiotherapy plus TMZ data. The graph shows the difference in the shape which is produced by the synergistic effect of TMZ.
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Fig. 6. Probability distribution of the modelled chemo-sensitivity resulting from fitting to the radiotherapy plus TMZ data.
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Fig. 7. Equivaient of in vitro dose-response curves for radiotherapy only and radiotherapy plus TMZ. Note that the addition of TMZ produces a lower a.jp ratio. For this type 
of experiment, or its equivalent, the radiotherapy is given as a single fraction of variable dose.
the standard deviation of the probability density function of the 
survival fraction. The most clinically relevant difference is on the left 
tail of the distribution, where the tail starts to flatten later. This 
indicates that the effect associated with one 2 Gy fraction of radiation 
is enhanced by TMZ radiosensitization, so that more patients have 
tumours sensitive enough to be cured. The efficiency of TMZ in 
improving radiotherapy response depends on the number of 
sensitized fractions, and consequently it may be schedule-dependent.
The probability density function for the chemo survival fraction, 
assuming that TMZ directly kills tumour cells, is presented in Fig. 6 . 
The TMZ survival fraction distribution is extremely skewed, with a 
mean of 0.909 and a standard deviation of 0.083. These observations 
imply that a significant proportion of the population does not derive 
direct effect from TMZ, and that a dose of TMZ is not necessarily 
sufficient to cause significant cell kill.
8 .3 . R a d io b io lo g ic a l  p a r a m e t e r  v a lu e s
The addition of the LQ model does not alter the quality of the 
fit. The fit achieved in Scenario 1 is substantially better than in
Scenario 2 in line with the above presented findings. In addition, 
the LQ equation allows us to estimate the i n  v i v o  a j f i  ratio for 
high-grade brain tumour cells, values that are very difficult to 
obtain experimentally. The reasons for this variability are not 
completely known. Nevertheless it is known that several factors 
are involved, for example low tumour oxygenation, fast regrowth 
kinetics and an efficient DNA repair system are indices of a high in  
v i v o  tumour radioresistance (Perez and Brady, 1998; Steel, 2002). 
In addition, the cell response to radiation considerably varies 
through the cell cycle (Steel, 2002). The model fitting to the 
radiotherapy only arm produces a respective mean value of 
0.102 Gy~’ for a. and of 0.008 Gy~^ for [I, that result in an a//ï ratio 
of 12.5 Gy. This value is in line with other published data for 
rapidly growing and radioresistant tumours, e.g. 10-30 Gy (Steel, 
2002 ).
When we fit the model to the radiotherapy plus TMZ arm the 
a//f ratio value decreases to 3.1 Gy, with a respective mean value 
for a of 0.094 Gy~’ and for ( i of 0.03 Gy“ .^ As the addition of TMZ 
influences the survival fraction distribution enhancing the radia­
tion response, we can reasonably expect a reduction of the a//i
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Fig. 8. Distributions of the linear component a, resulting from fitting to radiotherapy only data and radiotherapy plus TMZ data. Note that values greater than one are 
ignored.
 RT only
 RT plus TMZ
a-
(A
I
1
2Q.
10
0 0.02 0.04 0.06- 0.02
D (Gy-2)
Fig. 9. Distribution of the quadratic component fj, resulting from fitting to radiotherapy only data and radiotherapy plus TMZ data. Note that values greater than one are 
ignored.
ratio. Variations in the a l j f  ratio cause large variations in the shape 
of the survival curves, which are at the origin of the differential 
effect connected with radiosensitivity.
It is clearly not meaningful to compare BED using different a//î 
ratios. In fact it is never possible to match two different regimens 
to be equivalent for both early- and late-responding tissues. 
However it can give a measure of the potential biological dose 
delivered to the tumour for each single arm of the trial. 
Calculating the BED using these o tjp  ratios, for a physical dose of 
60 Gy delivered in 30 fractions, gives a BED for radiotherapy only 
of 69.90 Gyi2.5. while for radiotherapy plus TMZ it is 98.71 Gya.i.
8 .4 . T e m o z o lo m id e  e f f e c t  o n  r a d ia t io n  s e n s i t i v i t y
The synergistic action of TMZ clearly causes a decrease (by 
75.2%) in the a j p  ratio, from values of early responding tissues to 
values of late responding tissues. This produces a different shape 
of the cell survival dose-response curve as shown in Fig. 7. The 
survival curve for radiotherapy only is almost a straight line with
slope a, whereas the survival curve for radiotherapy plus TMZ 
tends to be more curved.
Other points are visible from Figs. 8  and 9: TMZ influences 
slightly the linear component distribution, whereas it affects 
substantially the quadratic component distribution (mean 
increase by a factor of 2.75). These results can be read according 
to the LQ. model interpretation in which cell death is due both to 
directly lethal events and to the accumulation of sublethal lesions, 
leading to lethal chromosome breaks.
High-grade brain tumour cells are extremely radioresistant, 
and radiation lethality is due essentially to direct lethal lesions. 
TMZ seems to render GBM cells more sensitive to radiation 
exposure. The implication of this is that with TMZ either the 
sublethal damage contributes significantly to cell killing or some 
potentially repairable damage sites are ‘fixed’ by TMZ before 
repair can occur. Furthermore a lower a//f ratio is usually 
associated with a slow proliferation rate (Hail and Giaccia, 
2006). This suggests that TMZ may also affect the regrowth 
kinetics and inhibit the DNA synthesis, i.e. reduces repopulation 
during radiotherapy.
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Fig. 10. Probability distributions, approximated with a Gaussian kernel function using 100 equally spaced points, of the tumour regrowth time, resulting from the fitting to 
radiotherapy only data and radiotherapy plus TMZ data assuming a synergistic effect between radiotherapy and TMZ. For radiotherapy alone the mean is 281.4 days and the 
median is 218.3 days. For radiotherapy plus TMZ the mean is 436.8 days and the median is 345.4 days. Note that the model population size is of 2000 patients.
The apparent change in the o tjp  ratio suggests that the 
concomitant use of TMZ may be further enhanced by adopting 
new dose escalation or dose fractionation strategies, providing 
tolerance of the normal brain is not exceeded.
8 .5 . T u m o u r  r e g r o w t h  t i m e
The model predicts the regrowth time distribution of tumours 
for both arms of the EORTC-NCIC study. The tumour regrowth 
time allows us to infer the natural history of the tumour and 
quantify the effects of TMZ addition.
Our estimates of the tumour regrowth time distribution are 
shown in Fig. 10. The mean tumour regrowth time for the 
radiotherapy only arm is 281.4 days and median 218.3 days. With 
radiotherapy plus TMZ, assuming synergy, the tumour regrowth 
time is substantially higher: mean and median respectively of 
436.8 days and 345.4 days. Therefore the distribution produced by 
the addition of TMZ is more spread (standard deviation 369.7 
days) over the population of patients than with radiotherapy only 
(standard deviation 283.2 days). Note that in this analysis we 
generated 2 0 0 0  patients so that the approximated distribution 
shape was clearly visible and not influenced by those sporadic 
patients far from the population mean value.
9. Discussion
The model discussed here is an attempt at representing in  v i v o  
effects of TMZ combined with radiation. Using the model, we have 
investigated two possible approaches to determine the contribu­
tion of TMZ to radical radiotherapy. We first focused on TMZ- 
mediated radiosensitization. Then we have sought to develop an 
independent module to analyse another potential process: 
independent TMZ cytotoxicity. The parameter values were 
determined by fitting the model to both arms of the EORTC-NCIC 
study.
The model suggests that TMZ enhances the therapeutic 
efficacy of radiation by radiosensitising GBM cells. All of the 
survival advantage from radiotherapy plus TMZ can be explained 
by this mechanism. Therefore, the concurrent administration of 
this agent seems to have greater anti-tumour effect compared 
with sequential administration.
In other tumours (e.g. cervical cancer), low dose chemotherapy 
concurrently with radiotherapy has clearly been demonstrated to 
produce a radiosensitizing effect (Dubay et al., 2004; Keys et al., 
1999; Rose et al„ 1999). Furthermore, a recent retrospective 
clinical study of patients with GBM treated only with concurrent 
radiotherapy and TMZ, and omitting the adjuvant TMZ compo­
nent, suggests that the concomitant rather than the adjuvant 
phase is the most efficacious part, raising the question of the 
optimal timing of chemotherapy in the treatment of GBM (Sridhar 
et al„ 2009).
The model is also capable of extracting radiobiological 
information from the clinical patient data. In particular, using 
the model we have estimated the average value of the in  v i v o  o tjp  
ratio for a population of glioma cells, and it appears to be 
biologically consistent. We have also established the effects of 
TMZ on the radiosensitivity of the tumour. The BED concept can 
then be used to evaluate different dose escalation schemes of 
radiotherapy and to develop new clinical trial strategies.
9 .1. T M Z  a n d  G B M  c e l l s  r a d i o s e n s i t i v i t y
The probability distribution of the survival fraction, after 
fitting the model to the radiotherapy alone data of the EORTC- 
NCIC study, is consistent with our previous results. In Kirkby et al. 
(2007) we derived a mean value of the survival fraction of 0.80 
from the Medical Research Council BR02 trial. In this study, our 
estimate of 0.77 probably reflects the influence of different patient 
characteristics between the two trials. The similarity of the 
modelling parameters between the EORTC-NCIC study and our 
previously published radiotherapy alone fitting is not surprising 
since the Kaplan-Meier survival curves are also similar.
With respect to the TMZ and radiotherapy arm of the EORTC- 
NCIC study, the fit achieved in Scenario 1 is substantially better 
than the one that could be achieved with Scenario 2, which 
suggests a TMZ-mediated radiosensitization. Therefore the ad­
juvant schedule may have only a marginal benefit compared to 
the concomitant phase. This result is consistent with published 
data of in  v i t r o  and in  v i v o  radiosensitization of TMZ (Chakravarti 
et al., 2006; Kil et al„ 2008). The model suggests that TMZ 
increases radiosensitivity with a dose enhancement factor in 
surviving fraction of 0.11, in line with the result reported by Kil
L Barazzuol et al j  Journal of Theoretical Biology 262 (2010) 553-565 563
et al. (2008) of 0 .1 0  for human glioma and breast tumour cells. 
More specifically, the survival fraction distribution after one dose 
of radiation is less skewed with the addition of TMZ (Fig. 5). This 
indicates that TMZ increases the proportion of patients with 
radiosensitive tumours.
There are several possible mechanisms through which TMZ 
can enhance radiosensitivity. For example, TMZ may redistribute 
the cells into a radiosensitive phase of the cell cycle. In general, 
cells exhibit the greatest radiosensitivity in the M and G2 phases, 
and resistance in the S phase (Hall and Giaccia, 2006; Steel, 2002). 
Another possible source is the abrogation of the G2 checkpoint. 
TMZ-mediated radiosensitization may also involve an increased 
degree of radiation-induced apoptosis (Chakravarti et al., 2006). In 
addition, TMZ may enhance the radiotherapy efficacy by increas­
ing the number of double-strand DNA breaks after radiation 
exposure. Alternatively, the concomitant administration of TMZ 
may inhibit the repair of double-strand DNA breaks (Chakravarti 
et al, 2006; Kil et al, 2008).
The model can be used to study in depth the mechanisms 
behind TMZ-mediated radiosensitization. Our in  v i v o  estimates of 
the a l P  ratio for both arms of the EORTC-NCIC study are consistent 
with the average values of the a j p  ratio estimated for glioma cell 
lines (Qi et al, 2006; Steel and Wheldon, 1991 ; Steel, 2002).
The probability distributions of the radiobiological parameters 
have a Gaussian shape consistent with published data of i n  v i t r o  
radiosensitivity. It might be expected that the a component, which 
describes the double-strand DNA breaks, would be more affected 
by TMZ radiosensitization. The model suggests a lower value of the 
a l P  ratio when TMZ is administered concomitantly with radio­
therapy; in particular it predicts a great change in the mean value 
of p .  This observation can be explained by the fact that TMZ may 
cause single-strand breaks in close proximity to radiation-induced 
single-strand breaks on adjacent strands of DNA (Chakravarti et al,
2006). If these TMZ-induced single-strand DNA breaks are 
sufficiently close to the radiation-induced ones, it could be then 
possible that they convert into double-strand breaks.
In a separate modelling study, Jones and Sanghera (2007) have 
determined the radiobiological parameters for high-grade glioma 
based on the 45 and 60 Gy arms of the BR02 trial and our 
previously published estimate of the median surviving fraction 
after 2 Gy of 0.83 (Burnet et a l, 2006). Jones and Sanghera (2007) 
estimated an c i lp  ratio of 9.32 Gy and a median a value of 
0.077 G y a n d  p  of 0.008 Gy"^. The slightly higher a value and 
consequently a f p  ratio in the present study probably reflect that 
Jones and Sanghera’s work is based on tumour regrowth time and 
the present work actually predicts patient survival time directly. 
Interestingly, the p  values are the same. In their paper, the 
equivalent BED for TMZ was estimated to be 11.03 Gyg.3 
(equivalent to a radiation dose of 9.1 Gy given in 2 Gy fractions). 
This value depends on their estimated average o tfp  ratio and 
therefore it is not directly comparable with our results.
9.2. T u m o u r  r e g r o w t h  t i m e  d i s t r i b u t i o n
Our modelling suggests that the addition of TMZ produces a 
considerable extension of the tumour regrowth time. The model 
can be used to compare tumour regrowth time and treatment 
duration. Our evaluation suggests that the increase in the tumour 
regrowth time does not match the duration of either the 
concomitant (i.e. 42 days) or the adjuvant schedule (i.e. 168 
days). The growth delay after the combined treatment is more 
than the sum of the relative growth delays caused by individual 
treatments, calculated as a fraction of the radiotherapy only 
treatment, used as a normalization control factor. This may 
indicate the presence of a synergistic effect between radiation and
TMZ which results in a greater than additive response. This 
finding is in line with the data reported by Kil et al. (2008) 
concerning in v i v o  tumour growth delay in mice bearing 
xenografts treated with radiotherapy and TMZ.
Another aspect visible from the tumour regrowth time 
distribution is that the number of patients that have not benefited 
from radiotherapy (i.e. zero regrowth time) in the radiotherapy 
only arm is decreased by 60%. This means that TMZ may affect 
even those tumours which are considered to be highly resistant to 
radiation.
9 .3 .  O p t i m i s i n g  r a d io th e r a p y  a n d  c h e m o t h e r a p y  c o m b i n a t i o n
Radiotherapy with concomitant and adjuvant TMZ has become 
normal practice for radical treatment (i.e. with curative intent) in 
patients with GBM. However, this schedule achieves a cure in only 
a small proportion of patient treated and further therapeutic and 
clinical improvements are required. It is also not clear whether 
this regimen is optimal in terms of the maximum benefit from the 
combined treatment.
The incorporation into the model of chemotherapy, real 
fractionation patterns and radiobiology has allowed us to 
investigate the role of TMZ, in particular the relative contributions 
of the concurrent compared with the adjuvant phase. It should be 
noted that the EORTC-NCIC study was not designed to explore this 
issue directly. Moreover, most of the current and future clinical 
trials are addressed to examine treatment intensification of TMZ 
and to increase the number of maintenance cycles of TMZ (Clarke 
et al, 2009; Franceschi et al, 2007; Tosoni et al, 2007; Villano 
et al, 2009).
Patient opinion is also important in developing clinical trials, 
and in general patients with GBM are reluctant to reduce TMZ use. 
Although a study is in progress including a trial arm where 
adjuvant TMZ is not given, i.e. comparing radiotherapy with 
concurrent plus adjuvant TMZ versus radiotherapy with concur­
rent TMZ alone, this is in patients with a different, less aggressive 
type of glioma (anaplastic astrocytoma) (Stupp et a l, 2009). The 
results will not necessarily be transferable to patients with GBM.
Our results suggest that particular focus on the use of TMZ as a 
radiosensitizer would be worthwhile. Although more clinical 
studies are required to address these questions, our modelling can 
partially avoid the need to resort to large-scale clinical trials that 
might be both difficult and time-consuming.
9 .4 .  O t h e r  c h a r a c t e r i s t i c s  o f  t h e  m o d e l
In Scenario 2 the divergence between the model prediction and 
the real clinical outcome suggests that TMZ does not cause a 
significant independent cell kill. This result is dependent on the 
validity of Eq. (5) and the assumptions required within the model.
Despite the excellent results obtained from the administration 
of TMZ, not all patients with GBM benefit from TMZ. Previous pre­
clinical and clinical studies have pointed out at a strong relation­
ship between the efficacy of alkylating chemotherapy and 
functional inactivation of the 0^-methylguanine-DNA methyl- 
transferase (MGMT) repair enzyme, also known as 0^-alkylgua- 
nine-DNA alkyltransferase (AGT). MGMT is a DNA repair protein 
which is capable of removing alkyl groups from the 0 ® position of 
guanine. Silencing of the MGMT promoter results in a low 
expression of this gene. Hegi et al. (2005) reported that silencing 
of the MGMT promoter by méthylation was an independent 
predictor of benefit from TMZ in a subgroup of patients enrolled in 
the EORTC-NCIC study (Gorlia et al, 2008).
At present, the model does not explicitly include this 
prognostic factor. Because of the excellent fit to the real clinical
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data reached in Scenario 1, we have made no attempt to link the 
chemo-survival fraction to the MGMT promoter status. However, 
this term can be easily integrated in the model as a multiplicative 
factor of Xchemo in Eq. (5). For 55% of the patient population this 
factor is expected to be equal to one and for the remaining 45% 
less than or equal to one, where these percentages are in 
accordance with the results reported by Hegi et al. (2005).
In the model, we have also deliberately assumed that the 
survival fraction after one dose of TMZ is not dependent on 
the dose or on the dose density. This assumption is related to the 
purpose of the model and would need to change if we 
subsequently want to test different dose-time chemotherapy 
schedules. However, we feel justified because the main dose 
difference is between the concomitant phase (i.e. 75mg/m^) and 
the adjuvant cycles (i.e. 150-200 mg/m^), and in the trial only 47% 
of patients completed all the six planned cycles of adjuvant TMZ. 
If anything, this assumption is likely to overestimate the cytotoxic 
effect, since two thirds of the doses are given at the lower dose.
The model has also been extended to include the basic 
radiobiology via the linear quadratic equation. We have not 
attempted to include in the LQ. model other terms, e.g. cells 
repopulation, hypoxia and normal tissue responses. This level of 
complexity is not required for a population-based model like the 
one presented in this work, which is mainly designed to predict 
survival. However, these processes may alter some parameter 
values. For example, the cells newly produced during treatment 
specifically affect the tumour doubling time, and consequently the 
model prediction of the tumour regrowth time. The oxygen level 
influences the radiation cell kill; hypoxic tumours are known to be 
radioresistant. In the future, it is intended to develop a separate 
DNA damage-repair model, which includes the oxygen concentra­
tion as a factor that fixes DNA strand breaks induced by radiation.
10. Conclusion
The model presented in this paper is a development of the 
model previously designed to describe the effects of radiotherapy 
in patients with high-grade brain tumours. Chemotherapy has 
been included either as a direct factor that can affect radiation 
response or as an independent source that can kill tumour cells. 
We also integrated the linear quadratic equation to analyse the in  
v i v o  effects of both radiotherapy and chemotherapy.
The comparison of the in  s i l ic o  survival curve with real data 
from the EORTC-NCIC study demonstrates that the model can 
qualitatively represent the clinical reality. In particular, the 
incorporation into the model of chemotherapy has raised some 
important questions regarding the mechanism of action of TMZ 
and has highlighted the need for some clinical reconsiderations. 
Some of these questions would be extremely difficult and 
expensive to answer by other means.
The results suggested that TMZ enhances the therapeutic 
efficacy of radiation in GBM cells mostly when administered 
concurrently. Therefore, the activity of adjuvant TMZ as a single­
agent seems to have a more marginal therapeutic benefit 
compared with the concurrent phase. More clinical studies and 
further model developments are required to validate this predic­
tion.
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may have a great potential for treating radioresistant 
tumors, such as glioblastoma. However, very little pre­
clinical data exists on the effects of bigb-LET radiation on 
glioblastoma cell lines and on the concomitant application of 
chemotherapy. This study investigates the i n  v i t r o  effects of 
temozolomide in combination with low-energy protons and a 
particles^^ll survivÿ, DNAgd^age and repay-|and cell
r “^  A  wer# ^ o u r E h t M a ^ ^ a s k m ^ ^ ^ f
|CN^, T98(^ D ^ ^ u a fterl^ tm ent with eimer
rays^rptons (LraM2.9k^keV/uin), or oçnartideÿf^T 99.26
cbnically-relevant doses of 25 and 50 pM. The relative 
biological effectiveness at 10% survival (RBEi,) increased as 
LET increased; 1.17 and 1.06 for protons, and 1.84 and 1.68 
for a particles in the LN18 and U87 cell lines, respectively. 
Temozolomide administration increased cell killing in the O*- 
metbylguanine DNA metbyltransferase-metbylated U87 and 
U373 cell Unes. In contrast, temozolomide provided no 
therapeutic enhancement in the methylguanine DNA metb- 
yltransferase-unmetbylated LN18 and T98G cell lines. In 
addition, the residual number of y-H2AX foci at 24 b after 
treatment with radiation and concomitant temozolomide was 
found to be lower than or equal to that expected by DNA 
damage with either of the individual treatments. Kinetics of 
foci disappearance after X ray and proton irradiation 
followed similar time courses; whereas, loss of y-H2AX foci 
after a particle irradiation occurred at a slower rate than 
that by low-LET radiation (half-life 12.51-16.87 b). The 
combination of temozolomide with different radiation types 
causes additive rather than synergistic cytotoxicity. Never­
theless, particle therapy combined with chemotherapy may 
offer a promising alternative with the additional benefit of 
superior biophysical properties. It is also possible that new
Tê^â^.feally  ;
ea-based chen^otherapy, 
‘mational 
by the
* Address for correspondence: Ion Beam Centre, University of 
Surrey, Guildford, Surrey GU2 7X H , UK; e-m ail address;
I.barazzuol@surrey.ac.uk.
fractionation schedules could be designed to exploit the 
change in DNA repair kinetics when MGMT-metbylated cells 
respond to bigb-LET radiation. © 2012 by Radiation Research Society
INTRODUCTION
Ï f ^ |c ( ^ © r f ^ j B M )  is the most common and aggressive 
primary brain tumor in adults characterized by its rapid 
growth and infiltration into the surrounding tissues. At 
present, treatment of GBM is based on a multimodahty 
approach including surgery for resection or stereotactic 
biopsy, followed by radiotherapy plus concomitant and 
adjuvant chemotherapy
. t ^  197(^1990s, using ni&o:
multicenter r^ oraized  phase 
European Organisation for Research and Treatment of 
Cancer (EORTC) and the National Cancer Institute of 
Canada (NCIC) Clinical Trial Group (trial 26981-22981/ 
CE.3) demonstrated the benefit of adding concurrent and 
adjuvant temozolomide (TMZ), an oral alkylating agent, to 
radiotherapy (2). Median survival increased from 12.1 
months with radiotherapy alone, to 14.6 months with 
radiotherapy plus TMZ.
The therapeutic benefit of TMZ is related to induction of 
methyl adducts to the 0^-position of guanine in DNA. 
Formation of 0®-methylguanine (O '^-meG) generates incor­
rect base pairing ultimately leading to cytotoxicity (5).
Although the use of TMZ has improved outcomes 
significantly and is now established as the standard of care 
in GBM, not all of the patients benefit from the addition of 
TMZ. Hegi e t  a l .  ( 4 )  demonstrated that silencing of the O*- 
methylguanine DNA methyltransferase (MGMT), mediated 
by gene promoter méthylation, was an independent 
prognostic and predictive factor of benefit from TMZ in 
the EORTC-NCIC trial. The MGMT promoter was 
methylated in 44.7% of 206 evaluated GBM specimens 
from 576 patients enrolled in that study. The frequency of
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MGMT promoter méthylation varies widely across clinical 
studies ranging from 35% to 73% (5).
Epigenetic changes, including DNA méthylation, have 
also been reported after exposure to ionizing radiation. To 
date, studies have focused on low-linear-energy transfer 
(LET) radiation effects on DNA méthylation reporting 
global hypomethylation ( 6 ) .  However, tiiis effect is not 
specific to the formation of 0^-meG. Little is known about 
the occurrence of epigenetic alterations with high-LET 
radiation. In one study, Goetz e t  a l .  (7) reported a general 
trend for hypermethylation in cells exposed to protons and 
iron ions. While there is evidence for radiation-induced 
epigenetic changes, LET-dependence remains to be clari­
fied. Interestingly, no significant change in the MGMT 
promoter méthylation level after both low- and high-LET 
radiation has been reported (7, 8 ) .
Survival advantage of TMZ was maintained for up to 5 
years of follow-up, however, most patients eventually 
developed tumor recurrence within a few centimeters of 
the treated site, and died (9). Clearly, there is a strong 
clinical need for novel treatment approaches to improve
gated the use of other charged particles characterized by a 
better dose distribution. Thirty-nine patients with ghomas, 
of which 17 patients had primary GBM, received either a 
particles alone, or photon irradiation with either a particles, 
or carbon, or neon ions as a boost, or neon ions alone. The 
median survival for GBM was 13.9 months and radio­
necrosis of the brain was minimal (76).
Fitzek e t  a l .  (77) reported a very low local tumor 
recurrence rate (in only one case out of 23 patients) and a 
median survival of 20 months in patients with GBM after 
treatment with a dose of 90 Gray equivalent (GyE) using 
accelerated fractionated proton therapy. However, despite 
the lengthened median survival, this dose led to a very high 
rate of radiation necrosis.
More recently, Mizoe e t  a l .  ( 1 8 )  treated 48 patients with 
malignant ghomas, of which 32 were GBM, with carbon ion 
boosts ( 8  fractions/2 weeks). The total dose was increased 
from 16.8 to 24.8 GyE. No grade 3 or higher toxicity was 
observed; the median survival time of GBM patients was 17 
months and increased to 26 months for the high-dose
treatment group. However, this study was relatively smaU
Standard radiotherapy for GBM delivers a dose of 60 Gy 
in 30 fractions (70). TheoreticaUy, very high doses of 
radiation (up to 90 Gy) may eradicate the tumor, but an 
increase in dose is generahy associated with an increased 
risk of radiation necrosis (77).
Particle therapy is a radiotherapeutic modality chyacter-
inical studies have been pubhshed, no 
randomized controlled trials have been carried out to 
provide high-level evidence to support the use of particle 
therapy for GBM (79).
Little pre-clinical data exists on high-LET radiation on 
GBM cell lines including the concomitant application of
maxim
lal^phdtcM.'^ f)frcS(Jn ifea n M ^  ^ f i l i  
I eiKrgy deposition fin the first fews cen|i
photons, charged particles, such as protons or heavier ions, 
deposit low levels of energy as they pass through the body, 
followed by high-energy deposition in the Bragg peak, and 
virtually no dose beyond. These physical characteristics can 
reduce dose to healthy tissues surrounding the target and 
spare neighboring organs at risk (72).
High-LET radiation has also been of particular interest in 
the treatment of GBM because of their increased potential of 
killing hypoxic tumor cells compared to X rays. Previous 
studies have shown an oxygen enhancement ratio (OER) of 
approximately 1 for high-LET radiation, as compared to X 
rays, where the OER is 2.5-3 (7 2 ,1 3 ) .
Neutrons were the first high-LET radiation cUnically 
investigated on high-grade ghomas. However, in the early 
1940s, a number of studies reported disappointing results 
attributed to the lack of the Bragg PesJc in the dose 
deposition, together with high absorption in neural tissues 
with elevated hydrogen content. These factors led to 
increased toxicity to normal brain tissues due to the 
spreading of the high-LET component along the whole 
particle range (74, 75).
Later clinical studies at the University of California 
Lawrence Berkeley National Laboratory (LBNL) investi-
analogue, with p(65) +  Be neutrons, anoshowed enhanced
fines, reporting independent additive effects. Neither of 
these studies was able to stratify treatment response 
according to the MGMT méthylation status. Moreover, 
there are conflicting preclinical data in the literature on 
whether TMZ acts synergistically with radiation or is 
independently killing tumor cells (22, 2 3 ) .  However, this is 
a key concept behind efforts to optimize the combination of 
treatment modalities for this aggressive tumor type.
In this study, we first assessed the response of TMZ and 
conventional photon radiotherapy in two MGMT-methylat­
ed cell fines and two MGMT-unmethylated cell fines. The 
second part of the study investigated the combination of 
TMZ with low-energy 3 MeV protons and 6  MeV a 
particles, corresponding to clinically-significant LET values 
of 12.91 and 99.26 keV/pm, respectively, in both an 
MGMT-methylated cell fine and an MGMT-unmethylated 
cell fine. While particles with these low energies (<  10 
MeV) are not clinically applicable, they are useful for i n  
v i t r o  studies because they allow high-LET ionization to 
occur within the intra-cellular target. Clinical accelerators, 
either cyclotrons or synchrotrons, produce particle beams of 
energy up to 250 MeV for protons and 430 MeV per
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TABLE 1
At entrance (0 pm) At middle (5 pm) At exit (10 pm)
Incident CSDA range Energy LET Energy LET Energy LET V olume-averaged
Particle energy (MeV) in water (pm) (MeV) (keV/pm) (MeV) (keV/pm) (MeV) (keV/pm) LET (keV/pm)
H+ 3 145.44 2.83 12.68 2.76 12.91 2.70 13.14 12.91
He^+ 6 48.08 4.93 92.3 4.46 98.83 3.97 107.1 99.26
Notes. The incident energy, the continuous slowing down approximation (CSDA) range in water, the energies and LETs at the entrance surface, 
the middle, and the exit surface o f the cell nucleus, and hence the volume-averaged LET within the cell nucleus for the particle beams used in this 
study. These values were calculated in SRIM (27), taking into account the energy loss through each component o f the beam path, and assuming 
that the cell nucleus can be approximated to a sphere, 10 pm in diameter.
nucleon for carbon ions for the treatment of deep-seated 
tumors (24).
METHODS AND MATERIALS
Cell Cultures and Reagents
Four human glioma cell lines, U373, U87, T98G, and LN I8, were 
used in this study. U373 and T98G cells were provided as a gift by 
M ifk  Woqdeock, Gray Institute for Radiation O næ ]ogy#nd Biology, 
l l ^ d  km ]ÆScSfc|SfeOcP^iÉ^rolr-mO^^^
cy Culture CNTèm onf qÏPACC^ Wiltshiie, ü K ) 3 d ” 
the American Type Culture Collection (ATCC, Middlesex, UK), 
respectively. All cell lines were confirmed Mycoplasma-tree before 
use. The cells were cultured in Eagle’s Minimum Essential Medium 
(EMEM) containing 10% fetal bovine semm, 1% peniciUin/strepto- 
mycin, 4  mM L-glutamine, 1 mM sodium pymvate, 1500 mg/L sodium 
bicarbonate, and 1% MEM eagle nonessential amino acids (Lonza, 
Berkshire,jUK). Cells wem maintained at 37°C with and 80%
d t 
ined by He 
o f0 (0 T
ly  b ^ I M #  
ed iir groV fi^
.son et al. (25), T98G and, ilKeWîess.high
Irradiation with Conventional X  Rays
X-ray irradiation was performed using a Pantak machine (Royal 
Surrey County Hospital, Guildford, UK) operating at 300 kV with a 
dose rate of, I Gy/min. Cells were grown in 6-well plates and 
incubated for 5 h before irradiation. Cells were then exposed at room 
temperature to doses between 1-6  Gy.
Proton- and Alpha-Particle Irradiation
The Wolfson vertical beam line at the University o f Surrey, Ion 
Beam Centre (26), with a 2 MV Tandem accelerator was used to 
produce protons and a  particles at energies o f 3 and 6 MeV, 
respectively, with a volume-averaged LET o f 12.91 and 99.26 keV/ 
pm (assuming that the cell nucleus can be approximated to a sphere, 
10 pm in diameter). Table 1 summarizes the spread o f energies and 
LETs within the cell nucleus. We applied doses similar to the X  ray 
experiments between 0.4 and 6.57 Gy using a particle fluence o f 1.27 
X 10  ^particles/cm^. Cells were plated on custom-designed petri dishes 
and irradiated through a polypropylene foil (4 pm thick). At first, cells 
were diluted to a final concentration o f I X 10® cells/ml and pipetted in 
a droplet onto the polypropylene dish. The dish can contain a number 
of droplets, including the control, each o f which receives a different 
radiation dose. Our system possesses a computer-controlled XY stage 
(Marhauser, Wetzlar, Germany) that is able to precisely move the 
stage to each required location of the dish relative to the fixed nozzle
position. Immediately after irradiation, cells were replated at lower 
concentrations and 3 weUs per dose were used. The particle fluence 
measurement was based on single-particle counting using a PIN diode 
mounted into the camera objective located over the beam exit window  
in the same plane as the sample to be irradiated. The final fluence to be 
delivered was meastued and pre-set before each experiment. When the 
fixed number o f particles was delivered, electrostatic deflectors 
stopped the beam with a response time o f 10 ns, and then the stage 
was moved to the next irradiation position. The delivered dose was 
calculated according to the equation:
! P r O O f S 7 3 ( G y )  =  I .6 X  IO -® F L I/p
where D  is the dose in gray, F  is the particle fluence in particles/cm^; L  
is the LET in keV/pm calculated at 4  pm into the cell nucleus by the 
stopping power and range o f ions in matter (SRIM) program (27); and 
p is the cell density in g/cm’ that is assumed to be equal to 1 g/cm^ as 
the reference density of liquid water. In addition, discs o f radio- 
chromic film (GafCInomic, Harpell Associates Inc., Ontario, Canada) 
and CR39 plastic (TA§L Ltd, Bristol„UK) were im diated in the
.e læ w h o e  Isubmitted for publicWoiû— .of Receipt
Temozolomide was provided by Fluka (Sigma-Aldrich, Dorset, 
UK) and reconstituted in dimethyl-sulfoxide (DMSO) to a final 
concentration not exceeding 0.1% (at this concentration, DMSO alone 
had no effect on ceU viability). Temozolomide was administered in 
doses o f 25 and 50 pM in accordance to the TMZ population 
pharmacokinetic values in plasma and cerebrospinal fluid (CSF) 
reported by Ostermann et al. (28). Explicitly, the TMZ concentration 
o f 25 pM corresponded to the in vivo plasma concentration o f  70 m g/ 
m  ^ (concomitant phase) and 50 pM o f 150 mg/m^ (adjuvant phase). 
For the X-ray experiments, after allowing time to attach (5 h), cells 
received TMZ in doses of 25 and 50 pAf for a total exposure time o f  2 
h, including I h before irradiation. After 2 h with TMZ, the medium 
was removed and fiesh medium was added. In the case o f protons and 
a particles, cells were incubated with TMZ 2 h before irradiation, and 
then trypsinized, counted, and transferred into custom-designed 
dishes.
Clonogenic Assay
After irradiation with X  rays, protons, and a  particles with or 
without TMZ at 25 and 50 pM, the cells were incubated for up to 14 
days. Colonies were fixed with 50% ethanol in PBS and then stained 
with 5% crystal violet in PBS (Sigma-Aldrich, Dorset, UK). Colonies 
with more than 50 cells were counted and survival fractions were 
determined taking into consideration the plating efficiency for all 
treatment modalities based on three separate experiments.
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FIG. 1. Growth curves of MGMT-unmethylated OTIs, LN18 (panel a) and T98G (panel b), and MGMT- 
methylated cells, U87 (panel c) and U373 (panel d). Cells were incubated with medium alone (solid line), or with 
25 pM (dashed line) and 50 pM TMZ (dash-dot line). Error bars represent the standard error of the mean of two 
independent
Growth Curve Assay 
To chPW'
Cells were di d to 1 X 10^  cells coverslimounting
with 1 ml of t
0 trypsin in versene (Sigma-AIaric
concftfifrations o f 25 and 
ml and s se d ^  in 24
y g , t  p
trypsinizea with iUU p 
Dorset, UK) and counted using a hemocytometer. Cells were then 
counted every 24 h for 6-14  days. Each set of experiments was 
performed in duplicate.
Immunofluorescence Detection o f  DSB Induction and Repair
U87 and LN18 cells were grown on glass slides at a concentration 
of 1 X 10‘ cells/ml, irradiated with a 2 Gy dose o f X rays with or 
without TMZ at concentrations of 25 and 50 pM. In the case o f proton- 
and ot-particle irradiation, dishes were treated for 1 h at 37°C with 10 
pg/ml fibronectin (Invitrogen, Eugene, OR) to promote cell attach­
ment to the polypropylene foil. After excess fibronectin was removed 
by aspiration, 5 X 10’ cells were added to each irradiation position 
including the control, and attachment was allowed to proceed for 1 h. 
Cells were then irradiated with a 2 GyE dose of 3 MeV protons alone 
or in combination with a single concentration of 25 pM TMZ. After a 
total exposure time to TMZ of 2 h, the medium was aspirated, cells 
were incubated for various post-recovery time points (1 ,4  and 24 h) 
and fixed in 2% paraformaldehyde in PBS for 15 min, and then with 
0.5% triton (Sigma-Aldrich, Dorset, UK) in PBS for 10 min at room 
temperature. Afterwards, cells were washed in PBS twice before 
adding a dilution of 0.4% bovine serum albumin (BSA; Sigma- 
Aldrich, Dorset, UK) in PBS for 20 min. Then anti-phospho-histone 
H2AX (Millipore, Watford, UK) was added at a dilution of 1:500 in 
0.4% BSA in PBS for 45 min. The cells were then washed again three 
times with PBS before placing them in a darkened environment with 
an FITC-conjugated goat anti-mouse IgG secondary antibody
(Millipore, Watford, UK) at a dilution of 1;4(X) in 0.4% BSA in 
PBS for another 45 min. Cells were washed once with PBS and the 
h
. . _ d i t ^ l  \iilh  B B S '_____
with vectashield hard-set
microscope; images were captured by a camera and imported into the 
Zeiss LSM image analysis software package. For each treatment 
condition, two slides were evaluated and y-H2AX foci were 
determined by eye in at least 100 randomly selected cells per sample 
from two independent experiments.
Statistical Analysis and Model Calculation
AU experiments were performed in either duplicate or triplicate. 
Error bars represent either the standard deviation or the standard error 
(i.e., standard deviation divided by the square root o f the sample size) 
among the different experiments.
The linear quadratic (LQ) model was used to evaluate and compare 
the clonogenic survival curves. The method of weighted least squares 
was employed to fit the survival data via a trust-region reflective 
Newton algorithm implemented in Matlab (R2010a, The Mathworks, 
Natick, MA). Relative biological effectiveness (RBE) values were 
predicted mathematically from the LQ fittings of the clonogenic data 
and propagation of uncertainty was considered in the RBE error 
analysis.
RESULTS
Cell Growth Analysis in the Presence o f Temozolomide
Growth curves for the MGMT-unmethylated LN18 and 
T98G cell lines and the MGMT-methylated U87 and U373
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FIG. 2. Time-course kinetics o f y-H2AX foci in MGMT-unmethylated LNI8 cells and MGMT-methylated U87 cells exposed to either 25 or 50 
pM TMZ and 2 Gy X rays (panels a, d), protons (panels b, e), and at particles (panels c, f), either alone or in combination. Bars represent the
standard error of the mean of two independent experiments. Please note the scale change on the two right-hand graphs (panels c, f).
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foci at 
tion was
given to the number of y-H2AX foci left unreplired after 24 
h, which is often related to radiosensitivity (29). The 
kinetics of y-H2AX foci formation and resolution is shown 
in Fig. 2. For the MGMT-unmethylated LN18 cells, the 
number of DSBs at baseline slightly increased when TMZ 
was added to X rays. However, 24 h after treatment there
was little or no difference in the residual number of foci
when cells received X rays and TMZ compared with X rays 
alone. In contrast, in MGMT-methylated U87 cells the 
number of y-H2AX foci increased with TMZ addition to X 
rays and persisted up to 24 h after treatment. Quantitative 
evaluation of the foci number 24 h after treatment showed 
an additive effect between radiation and TMZ; 3.36 foci/cell 
(25 pM TMZ alone) or 3.56 foci/cell (50 pM TMZ alone) 
plus 2.5 foci/cell (2 Gy alone) compared to 4.58 foci/cell (2 
Gy plus 25 pM TMZ) or 5.14 foci/cell (2 Gy plus 50 pM 
TMZ).
The number of y-H2AX foci was also evaluated after 
irradiation with 3 MeV protons alone or in combination 
with 25 pM TMZ (Fig. 2). Kinetics of DSB repair were very 
similar between X rays and protons. The initial number of 
DSBs induced by protons was only slightly higher than 
induced by X rays. In contrast, after 4 h the number of y-
Similarly, TMZ had no effect on the cell population doubling 
time of MGMT-unmethylated T98G cells (relative percent 
difference <  1.2%) and a modest effect on the LN18 cells by 
decreasing the doubling time from 23.96 to 23.24 and 22.05 
h in the presence of 25 and 50 pM TMZ, respectively. In 
contrast, the MGMT-methylated ceU lines showed a clear 
decrease in growth rate after 48 h when incubated with TMZ, 
and then a plateau-like region over 14 days (data not shown). 
Accordingly, this decrease was accompanied by longer 
population doubhng times in both U87 and U373 cell lines. 
Data also indicate that TMZ effects on growth curves are 
dose-dependent, and that doubhng times increase with TMZ 
doses of 25 and 50 pM in a linear way. Viability assays by 
dye exclusion were also performed, and no significant 
difference was detectable between the control and TMZ- 
treated cells over the first 5 days.
Evaluation o f DNA Damage and Repair after X Rays, 
Protons, Alpha Particles, and Temozolomide
As phosphorylation of a histone H2A variant, H2AX, at 
the sites of DSBs, is one of the earliest events in the DNA 
damage response to radiation. We investigated in LN 18 and
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FIG. 3. Cell survival curves o f MGMT-unmethylated LN18 (panel a) and T98G cells (panel b), and MGMT- 
methylated U87 (panel c) and U373 cells (panel d). Cells received X  rays only (solid line), X  rays plus 25 pM 
TMZ (dashed line), and X rays plus 50 pM TMZ (dash-dot line). Symbols represent mean ±  standard error o f at 
least three independent experiments.
H2AX foci was lower than that induced by X  rays.
induction ratio of protons over X rays was 1.32 and 1.33 for 
LN18 and U87, respectively; after 24 h it was closer to 1 
(1.1 for LN18 and 1.02 for U87).
The addition of 25 pAf TMZ to protons gave equivalent 
results to protons alone for MGMT-unmethylated LN18 
cells. In contrast, in MGMT-methylated U87 cells the 
number of DSBs was moderately higher at each repair time 
point than for protons alone. The pattern of additional y- 
H2AX induced by TMZ was analogous to that with X rays. 
At 24 h from proton irradiation in MGMT -methylated U87 
cells, we found 2.62 and 4.96 foci/cell at 2 Gy and at 2 Gy 
plus 25 pM TMZ, respectively, that corresponded to 16.27 
and 29.81% of the number induced at 1 h after treatment. 
Equally, at 24 h after X rays we counted 2.58 and 4.58 foci/ 
cell that are 21.32 and 34.28% of those at 1 h, respectively. 
The additional percentage of DSBs induced by 25 pM TMZ 
was very similar when combined with both protons 
(13.54%) and X rays (12.96%).
When cells were irradiated with 2 Gy doses of 6  MeV a  
particles (Fig. 2), the initial number of y-H2AX foci was 
lower than with both X rays and 3 MeV protons. Despite 
this, the residual numbers of DSBs at 24 h after treatment 
were very similar between the different radiation forms.
Once again, the addition of 25 pM TMZ showed similar
F(% &.Mey a ppticles we found hi^er percentages,of y- 
H ^ ^ o c |”4 @ y i p 0 v i ^ } | ‘r a f ^ @ ] © © |p ) ^  and 
4.3 foci/ceU that corresponded to 35.25% and 56.28% of 
those at 1 h, respectively.
DNA repair kinetics can also be described by a first-order 
exponential decay process. The estimated DSB half-lives 
were in LN18 cells 12.56 ±  1.95, 10.66 ±  1.53, and 12.54 
±  1.40 h for X rays, protons, and a  particles, respectively, 
and in U87 cells 10.37 ±  1.41, 8.24 ±  0.83 and 16.92 ±  
2.74 h. In MGMT-unmethylated LN18 cells; time courses 
after different treatments were largely similar.
C l o n o g e n i c  C e l l  S u r v i v a l  w i t h  X  R a y s  a n d  T e m o z o l o m i d e
Survival curves for the four cell lines irradiated with X 
rays alone, and concomitantly with 25 and 50 pM TMZ, are 
presented in Fig. 3. Graphs show that the MGMT- 
unmethylated LN18 and T98G cell lines reported no 
significant difference when treated with radiation alone 
and radiation in combination with TMZ at different doses. 
Similar a and P parameters were also found in LN18 and 
T98G cells, with, in general, minor increases in a and 
equivalent P values (Table 2). In addition, no significant 
TMZ-induced cytotoxicity could be observed in these two 
cell lines (equivalent plating efficiencies).
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TA BLE 2
M ean  V alues and  Stand ard  D eviations o f  the a  and  p Param eters E stim ated  by F ittin g  th e  C ell S urv iva l to  the
L Q  M odel
LNI8 T98G U87 U373
Treatment a  (Gy-') P (Gy-') ot (Gy-') P (Gy-') a  (Gy-') P (G y-') ot (Gy-') P (G y-')
X  rays 0.22 ±  0.09 0.04 ±  0.02 0.11 ±  0.04 0.03 ±  0.01 0.16 ±  0.05 0.05 ±  0.01 0.17 ±  0.05 0.04 ±  0.01
X  rays -1- 25 pAf TMZ 0.24 ±  0.02 0.04 ±  0.01 0.18 ±  0.06 0.03 ±  0.01 0.16 ±  0.05 0.05 ±  0.01 0.18 ±  0.06 0.04 ±  0.01
X rays -1- 50 pM TMZ 0.26 ±  0.06 0.03 ±  0.01 0.21 ±  0.03 0.02 ±  0.01 0.19 ±  0.11 0.05 ±  0.02 0.12 ±  0.04 0.04 ±  0.01
3 MeV protons 0.31 ±  0.04 0.04 ±  0.01 - - 0.36 ±  0.04 0.02 ±  0.01 - -
3 MeV protons 4- 
25 pA/TMZ 0.41 ±  0.03 0.02 ±  0.01 0.39 ±  0.05 0.01 ±  0.01
6 MeV ot 0.77 ±  0.03 2e-05 ±  0.01 - - 0.65 ±  0.08 0.02 ±  0.02 - -
6 MeV ot -1- 
25 pM TM Z 0.84 ±  0.02 2e-05 ±  0.01 - - 0.71 ±  0.07 2e-05 ±  0.01 - -
Behavior of MGMT-methylated U87 and U373 cells was 
dissimilar, giving evident dose-dependent cytotoxicity after 
TMZ treatment (Fig. 3). Plating efficiencies were reduced 
from 20% to 9% (25 \> M ) and 4% (50 pAf) for U87 cells, 
and from 41% to 18% (25 [ iM )  and 10% (50 pAf) for U373
era w l^ W K
survival curves were normalized for the plating efficiency 
induced by TMZ alone, showing no specific interactions 
between radiation and TMZ. Moreover, no significant 
difference was found in the a and p parameters when cells
received X rays plus 25 and 50 pM TMZ compared to X 
rays alone, with the exception of U373 cells exposed to X 
rays plus 50 pM TMZ that reported a slight reduction of ot 
and no change in P (Table 2). Relative survival curves for 
U373 cells seem to slightly converge at radiation doses 
kween 3 and 6  Gy.
C l o n o g e n i c  C e l l  S u r v i v a l  w i t h  L o w - E n e r g y  P r o t o n s ,  A l p h a  
P a r t i c l e s ,  a n d  T e m o z o l o m i d e
The experiments shown in Fig. 3 were also performed 
with LN18 and U87 cell lines using low-energy protons and
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FIG. 4. Cell survival curves o f MGMT-unmethylated LN I8 cells (panels a, b) and MGMT-methylated U87 
cells (panels c, d) irradiated with 3 MeV protons (panels a, c) and 6 MeV alpha particles (panels b, d). Cells also 
received concomitant TMZ (dashed lines). Survival curves with 300 kV X rays were used as comparison (filled 
markers). Error bars indicate the standard error o f at least three independent experiments.
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TABLE 3
Resulting RBE Values Calculated at 10% Survival (RBEio), at the Initial Slope of the Survival Curve a 
(RBE. = dust radiaao./«rrference radiation), uud ut the Suvvlvul Level after 3 GyE (RBE) GyE)
LN18 U87
Treatment RBEio RBE, RBE] O y E RBE.o RBE, RBE] G y E
3 MeV protons 1.17 ±  0.49 1.41 ±  0.35 1.35 ±  0.26 1.06 ±  0.35 2.24 ±  0.46 1.37 ±  0.18
6 MeV o( 1.84 ±  0.67 3.5 ±  0.83 3.79 ±  0.73 1.68 ±  0.28 4.03 ±  0.85 3.38 ±  0.71
a  particles with or without 25 pM TMZ (Fig. 4). No major 
difference between the proton survival curves and the X ray 
curves could be observed in both cell lines, with an RBE at 
10% survival (RBE,o) of 1.17 ±  0.49, and of 1.06 ±  0.35 
for LN18 and U87 cells irradiated with 3 MeV protons, 
respectively (Table 3). RBE was also mathematically
estimated from the ratio CXt^st radiation/a„ference radMon (RBE.)
and at the 3 GyE dose level (RBE; Gyn)- These values were 
higher than the clinically-relevant RBE,o, ranging from 1.41 
to 2.25 for RBE. and 1.35 to 1.37 for RBE3 oyE- The 
-—additicmiOf œpcurrent TMZ caused additive cell k ifü# , as
cells T î ^  did not seem to affect cell survival. In contrast^  
for MGMT-methylated U87 cells TMZ significantly 
reduced the plating efficiency without changing the survival 
curve slope (a value of 0.36 compared to 0.39).
Cells were more sensitive to 6  MeV a particles compared 
to X rays and 3 MeV protons. Figure 4b and d show a 
a f ^ 3®aftirfa}rr^îSt[on'
* M M r r f in à . Â  # M e W  M e  LNl
icantly increased to values in the range of 3.38 to 4.06. 
Again, the addition of TMZ had no apparent effect on the 
MGMT-unmethylated LN18 cells and only additive cyto­
toxicity on the MGMT -methylated U87 cells (Fig. 5). As for 
the survival parameters, the addition of 25 pM TMZ 
marginally altered only the a  component (Table 2).
DISCUSSION
As reported by the EORTC-NCIC trial (2, 9), the survival 
advantage of radiotherapy combined with TMZ compared 
to radiotherapy alone in newly diagnosed GBM has led to a 
significant change in the treatment of this tumor towards a 
combined-modahty approach. On this basis, in the present 
study we assessed the combination of low- and high-LET 
radiation with TMZ on glioma cells.
A number of pre-clinical studies have reported conflicting 
results on whether TMZ increases the sensitivity of tumor 
c e ll |- lo  X ray& Only one study has looked at the 
jl^h-LET radiation (carbon ions) and 
TMZ, reporting independent cytotoxicity (27). Our findings 
corroborate the hypothesis that the cytotoxic effects of TMZ 
and X rays are not likely to be correlated. Independent 
cytoxicity has also been shown when TMZ was added to 
protons and a particles. These observations were indepen­
dent of the tumor MGMT promoter status.
M e t h x l a t e d  C e l l s
r-m«ep0Bflfertti c^otM cfityl \^^ôbsbPvê(|*iAfc the 
growth curve experiments where, after 2  days, a significant 
decrease in growth rate was measured in MGMT-methyl­
ated cell Unes. This observation agrees with the initial 
findings of Newlands e t  a l .  ( 3 0 ) ,  that TMZ cytotoxicity 
needs one or two cell divisions before DNA damage 
recognition.
U87 U87
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FIG. 5. Cell survival curves of MGMT-methylated U87 cells irradiated with 3 MeV protons (panel a) and 6 
MeV alpha particles (panel b) normalized for the cytotoxicity induced by TMZ alone (dashed lines). Survival 
curves with 300 kV X rays were used as comparison (filled markers). Error bars indicate the standard error.
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Previous studies with U87 cells have reported similar 
results. Trog e t  a l .  ( 3 1 )  studied the growth of U87 cells 
exposed to 10 and 30 pg/ml TMZ, equivalent to 51.5 and 
154.52 pM, respectively, and found a decrease in growth 
rate only after 48 h from treatment. Similarly, Hirose e t  a l .  
( 3 2 )  showed a growth arrest 2 days after TMZ treatment (3 
h incubation with 100 pM) in U87 cells and reported a 
constant cell number over the following 12 days. Combs e t  
a l .  ( 2 1 )  also performed a cell-growth analysis of U87 cells 
after treatment with 20 pM TMZ for a period of 4 h. The 
relative growth curves (Fig. 1) showed a decrease in growth 
rate after 2 0  h from treatment, and a transient drop in cell 
number at 45 h.
An expected, synergistic increase of cell killing might be 
reached by irradiation after 48 h from TMZ exposure. 
However, Combs e t  a l .  ( 2 1 )  reported no significance 
difference in survival when cells were irradiated immedi­
ately after treatment or 48 h later.
C o - T r e a t m e n t  w i t h  T M Z  a n d  X - R a y s  I n d u c e s  I n d e p e n d e n t
independent additive effect to X rays. Cell killing was 
significantly more pronounced in those cells lacking a 
functional MGMT (U87 and U373). In contrast, for the 
MGMT-unmethylated cell lines (LN18 and T98G) there 
was no significant difference in clonogenic survival with the 
addition ijf^TMZ at dMerent -Ghnically-equivnlqnl concen-
Mdings of Hegi e t  a l.  (4) , that MSMT is an important
nonproliferating cells provide support, similar to a matrix, to 
undamaged cells).
T M Z  Y i e l d s  A d d i t i v e  C e l l  K i l l i n g  W h e n  C o m b i n e d  W i t h  
H i g h - L E T  R a d i a t i o n
We evaluated the clonogenic radiosensitivity of LN18 and 
U87 cell lines to proton- and «-particle radiation. Despite 
diverse p53 and MGMT status, the RBE,o values differ only 
modestly between both cell lines with values on the order of 
1.06-1.17 and 1.68-1.84 for 3 MeV protons and 6  MeV a 
particles, respectively. The RBE,o values for protons are in 
agreement with an RBEio value of 1 .1  that are generally 
used m clinical proton therapy ( 3 4 ) .  Significant increases in 
RBEio values were observed with increasing LET irradia­
tion employing a  particles with an initial energy of 6  MeV. 
A limited number of in  v i t r o  studies have examined the 
effects of a  particles on GBM cells. Takahashi e t  a l .  ( 3 5 )  
examined A172 and T98G cells after «-particle irradiation 
with a dose-averaged LET of 156 keV/pm at 2.24 MeV 
incident energy, reporting an RBEio ranging from 1.19 
(T98G). It should be noted, however, that 
diated using a ^'Am source in an helium
g a s * ''^ * ^ " ^
The p53 wild-type U87 cell line was slightly more 
sensitive to X rays with a DIO (dose required to reduce the 
viable number to 10%) of 5.31 Gy compared to the p53 
mutant LN18 cell line with a DIO of 5.49 Gy. The role of 
the tumor suppressor gene p53 in radiation response has 
cüDtmyg[;iaL<8ome n a p e r sfr ^ B s% ci# ÿ jnulatLoj 
itA.iPW W ^]|c|)GW 3 tal|ïâ(j
( 3 6 ) :  In contrast, in some other studies, radiosensitivity was
those of radiation alone (Fig. 3). In regard to the LQ model Proton- and «-particle irradiation was also assessed in
fittings, all cell lines exposed to X rays plus 25 and 50 pM combination with 25 pM TMZ. Once again, no significant
TMZ reported similar values for the P parameter. Chalmers 
e t  a l .  ( 2 3 )  reported little or no change in P when T98G and 
U87 cells received 10 pM TMZ 1 h pre-irradiation.
However, they observed a decrease of P when cells received 
10 pM TMZ 72 h before being irradiated. We also observed 
a general increase of «, with the exception of U373 cells 
exposed to 50 pM TMZ. Likewise, Chalmers e t  a l .  ( 2 3 )  
reported a similar increase in « particles when cells were 
treated with 10 pM TMZ 1 and 72 h before irradiation. They 
also observed a decrease in « particles only in U373 cells 
when exposed to 10 pM TMZ.
The survival curve for the MGMT-methylated U373 cell 
line treated with X rays plus 50 pM TMZ, appears to 
converge toward the other curves in the dose range beyond 
2 Gy. The importance of this observation is unclear, but it is 
; supported by a number of other studies ( 2 1 ,  2 3 ,  3 3 ) .
Chalmers e t  a l .  ( 2 3 )  proposed that this may be due to an up- 
regulation of the MGMT activity in response to higher 
radiation doses, whereas Combs e t  a l .  ( 2 1 )  hypothesized 
that this may be due to a kind of feeder effect (i.e..
interaction between protons, « particles, and TMZ could be 
observed in both MGMT-unmethylated LN18 and MGMT- 
methylated U87 cell lines (Fig. 4). Combs e t  a l .  ( 2 1 )  
observed converging survival curves at higher radiation 
doses with both X rays and carbon ions when combined 
with 10 and 20 pM TMZ. This effect was observed to a 
limited degree in our study in MGMT-methylated U87 cells 
exposed to « particles plus 25 pM TMZ at doses of 3 Gy 
and upward.
It would be of interest to determine the underlying 
mechanisms of cell death and whether TMZ affects cell 
death kinetics and response to high-LET radiation. To date, 
however, only pre-clinical data exist on apoptosis with X 
rays in combination with TMZ. Chackravarti e t  a l .  ( 3 9 )  
observed a biphasic apoptic response in two MGMT- 
methylated cell lines treated with 6  Gy X rays and 100 pM 
TMZ, and speculated that TMZ acts as a catalyst in 
promoting the second delayed wave of apoptosis (beyond 
36 h of treatment). In contrast, Kil e t  a l .  ( 2 2 )  reported no 
effect of TMZ on apoptosis in an MGMT-methylated cell
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line treated with 2 Gy X rays and 50 \ i M  TMZ. After high- 
LET radiation, there is evidence that, in addition to 
apoptosis, other types of cell death, such as mitotic 
catastrophe or senescence, may play an important role (37).
I n f l u e n c e  o f  T M Z  a n d  L E T  o n  t h e  Y i e l d  o f  Y - H 2 A X  F o c i  
a f t e r  P r o t o n -  a n d  A l p h a - F a r t i c l e  I r r a d i a t i o n
Only a few studies have investigated the induction and 
repair kinetics of DSBs following high-LET radiation on 
glioma cell lines. Presently, no data exist on the DNA 
damage and repair from concomitant TMZ chemotherapy 
and high-LET radiation. In this study, we have evaluated die 
number of y-H2AX foci as an indicator of DNA damage 
induced by a 2 Gy clinically-relevant radiation dose of 3 
MeV protons (LET 12.91 keV/pm) and 6 MeV « particles 
(LET 99.26 keV/pm) with or without 25 pM TMZ. Foci 
resolution should also follow DSB repair kinetics; however, 
several studies showed that dephosphorylation of the H2AX 
histone, due to the process of protein dissociation from the 
chromatin structure, takes place with a significant delay 
fcComparsd toÆe actual i^^ir of DSBs ( 4 0 ) .
p M  TMZ. Exposure to TMZ, protons, and a  particles 
resulted in a greater number of foci at 24 h; however, the 
increase was less-than-additive in terms of individual 
treatments as was reported for X rays.
Fitting of the repair kinetics, after proton- and a-particle- 
irradiation, to an exponential decay process suggested repair 
half-hves of 8.24-12.56 h. These findings are in line with 
the proposed model of repair of radiation-induced DSBs by 
Diakis e t  a l .  ( 4 4 ) .  According to this model, the process of 
DNA repair involves a slow and a fast component. The first 
component takes place 1-30 min after irradiation and is due 
to the DNA protein kinase-dependent non- homologous end 
joining (D-NHEJ). The second component is responsible for 
the slow repair (half-life 2-10 h) and is known as backup 
NHEJ (B-NHEJ). Based on our study, our repair kinetics are 
likely to represent the slower component. Indeed, we started 
to analyze the foci formation only at 1 h after irradiation.
CONCLUSIONS
o ffn H rn n 3 m rP .d tn ln w -I ,F .T X m v s  T nr.nn tras t.w hence llsV ^  ^  MGMT-methylated CeU lines. It is possible that newf foci compa ed to lo -LET  ray . In contrast,  c ll '" 
were irradiated with a particles, the number of foci per gray 
was lower than that of X rays and protons. The yield of y- 
H2AX foci at 1 h after a irradiation was 6.18 and 4 foci/cell/
Gy for LN18 and U87 cells, respectively. This number 
closely corresponds to the number of alpha tracks that 
of R )  ^ a i ^ d U e ,  
^ e r lg l - lw  fJci ^ ÿ ^ ^ A o  
than those mduced hj_X ray and proton irradiation, Thesq
rr%!i w  nsites of the linear particle trajectory across the cell nucleus. 
Similarly, Leatherbarrow e t  a l .  ( 4 1 )  reported 3.8 foci/cell/
Gy at 20 min following irradiation with 3.31 MeV a  
particles. The average number of tracks per cell was 6 per 2 
Gy, while in our study this number was closer to 10. This, 
together with the different observation times after treatment 
(20 min compared to 1 h), might explain the slightly 
different yield values. Nevertheless, the kinetics- of-loss of 
foci was similar following X ray, proton and a irradiation 
with comparable values of residual y-H2AX foci at 24 h.
The comparison of DSBs between X rays and protons due 
to different support materials (i.e., glass cover slips for X 
rays and polypropylene foil for protons) has been recently 
evaluated. Kegel e t  a l .  ( 4 2 )  reported a twofold increase in y- 
H2AX foci number in cells irradiated with X rays on glass 
compared to a plastic surface. Furthermore, Antoccia e t  a l .  
( 4 3 )  reported an excess of DSBs in cells that received X 
rays on glass slides compared to low-energy protons (28.5 
keV/pm). These findings might explain the higher number 
of y-H2AX foci at 4 h after X rays compared to protons 
shown in this study.
We have also assessed the resolution of DSBs after 
irradiation with protons and a particles in the presence of 25
These results suggest that TMZ causes reproducible 
4 fy when combined with radiation, 
iéation types. This effect is only evident
fractionation schedules could be designed to exploit the 
change in the DNA repair kinetics when MGMT-methyl­
ated cells respond to high-LET radiation.
In terms of tumor control for GBM patients, predictable 
effects should be observed for the combination of TMZ with
allow^he I integration of conc^itafrt chemotherapyj_ with 
o ^ l ^ i r g l ( 0 % ^ P ^ i ^ $ : r ÿ % 0 t @ @ i |# % l l  in 
hypoxic regions of the tumor. In the immediate future, 
further evaluations of the combined efficacy of TMZ and 
high-LET radiation in hypoxic condition will be performed 
by our group.
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